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FOREWORD 

THIS book is intended to convey information concerning the 
practical application of optical principles. In recent years, 
optical instruments and optical components have been used 
increasingly in scientific and industrial work, and it has become 
evident that there are many who may not be familiar with optical 
technique. It was felt, therefore, that if the latter was explained in 
practical and concise form, this might prove helpful both to the 
student and to the industrial physicist. 

It is a well-known truism that theory must be supported by experi- 
mental verification, and to this end experiments and optical working 
models are set out in some detail in these pages, so as to enable the 
theoretic principles to be grasped and also to enable one to under- 
stand better the action of die lenses and prisms, etc., often hidden by 
the external tubes or casings of the finished instrument. 

Whilst the book is of a practical nature, sufficient theory is given 
to enable the experimental illustrations to be carried out intelligently. 

It is hoped that the section on optical glass and its waiting will 
prove of value and lead to a fuller appreciation of the art and skill 
required in producing high quality optical work. 

Optical science has all too often been looked upon as a Cinderella 
of physics, but when its full value has been realized it will rank as 
one of the outstanding servants of mankind. 

Little is said in this book about the designing of lens systrrm-, 
although of course this is closely related to the principles of optics, 
but the former subject is too extensive to be dealt with in a book of 
this size. The author is. however, compiling a book on lens design, 
including the computation of the more complicated systems such as 
telescope, microscope, and photographic lenses. 

In the meantime it was felt that the practical application of funda- 
mental optical principles to almost every branch of science and 
industry is now so far-reaching that the existence of this present book 
would be justified. 

For those who have to teach these principles, for the users of optical 
instruments, and for those who do research work, it is hoped that these 
pages may contribute in some small way to their aid. 

B. K. JOHNSON. 
Royal College of Science. London: 1945. 
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CHAPTKR I 

REFLECTION AND REFRACTION OF LIGHT 

Ray-projector. 

Some of the more introductory principles of reflection and refraction 
may be conveniently illustrated and verified by utilizing narrow 
beams of light sent out by a miniature projection lantern which can 
be moved about on a drawing board. Such a method whereby 
" rays " of light can be seen on the white paper being reflected to 
or from mirrors or through refracting systems, brings out the 
principles in vivid fashion; and a more lasting impression is made in 
the student's mind than by doing such experiments by other methods. 




/ 

Fro. i. 
Ray Projector for use on a Drawing Board. 

The ray-projector, as it will be called, consists of a 12-volt. 36-watt. 
motor-car lamp bulb (with line filament) situated at the focus of a 
cylindrical lens rectangular in form (about 3j"Ti"). with provision 
for interposing metal plates (having slots about ,',." wide) in front 
of the lens, the whole being suitably housed in order to screen off 
Stray light. The device is illustrated in Fig. 1, which will be found 
self-explanatory. 

1 



2 Practical Optics 

Hi.'. 2 shows some of the accessories which may he used with the 
ray-projector in order to carry out the experiments which follow. 

Laws of Reflection. 

In order to prove experimentally that the angles of incidence and 
reflection are equal for rays meeting a reflecting surface, a method 
similar to that depicted in Fig. 3, may be employed. Draw a semi- 
circle of six inches radius and mark off intervals of ten-degree angles 




hi:. 2, 

Accessories far. carrying oul " Ray " Experinu 

round a semi-circle of the circumference. Place a piece of plain 
mirror (preferably surface silvered) cemented to a wooden block 
along the diameter of the semi-circle with its face perpendicular to 
the drawing paper. Place the ray-projector round the circumfen i.< < 
of the circle so that a narrow beam is projected along the 30 <! 
line; observe the angle at which the beam is reflected from the mirror. 
which should of course agree with the angle of incidence, namely, 
30 degrees. Repeat the experiment for a number of different angles 
of incidence. 

Angular Magnification by a Mirror. 

Re-position the ray-projector so that the beam makes an angli 
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of incidence and reflection of 30 degrees as before. Now rotati the 
mirror through 20 degrees until its face coincides with the line marked 
70 on th< !i :; ol the diagram. Kind the new direction of the reflected 
raj - 

I >l>-. rve that the reflected ray moves through twin- the angle moved 

by the mirror. In a sense this may be termed a form of magnifica- 

inasmucfa as flie method facilitates the determination oi small 

ular movements by doubling the effect through the medium ol an 
attached mirror to the moving part; for example, in measuring the 
rotation of a galvanometer suspension. 

Image in a Plane Mirror is same distance behind Mirror as Object 
is in Front. 

Replace the silvered mirror by a piece of plane glass (supported 
at its end) along the line 90.90. Insert a pin al some such point as A. 




FlO. S. 

Looking into the plane glass mirror place a second pin al A' so that 
the latter appears to coincide with A. Join AA'. .Measure AX and 
A'X. Note that these distances are equal and thai AA' is perpendi- 
cular to the line 90.90. 



Reflection by two Mirrors Inclined at a Finite Angle. 

A ray or beam of light reflected in two mirrors in succession will 
be deviated through an angle equal to twice the exterior angle betw< . n 
the mirrors. 
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Reflection and Refraction of Light 



Set up two mirrors perpendicular to the drawing paper, but with 
their edges adjacent to one another. (See Fig. 4.) Arrange them 
so that the angle between the mirrors is 135 degrees. Draw a line 
AB so that it makes an angle of incidence of 80 degrees with the 
normal to the first mirror. Direct the ray-projector so that a narrow 
beam travels along AB, and mark the direction CD on the paper 
as it emerges from the second mirror. Remove the mirrors, produce 
the line AB to 1' and produce CD until it intersects ABP in the 
point O. 




Fir.. 4. 

Measure the angle POD with a protractor and compare it with 
the exterior angle between the two mirrors, namely, 45 degrees. The 
angle POD should be twice the latter. 

Mirrors at 90 degrees. 

Arrange the mirrors to be at right angles to one another, and direct 
a beam from the ray-projector so that it meets one of the mirrors at 
any angle of incidence. Note that the beam reflected from the second 
mirror is deviated through 180 degrees and returns parallel to the 
incidence beam. Observe, that the reflected baam maintains a con- 
stant deviation, no matter at what angle the incident beam strikes the 
first mirror. 

Mirrors at 45 degrees. 

Arrange the two mirrors to be inclined at 45 degrees (i.e., exterior 
angle 135 degrees) and direct the ray-projector towards one of the 
mirrors. Note that the beam emerges from the second mirror after 
having been deviated through 270 degrees and therefore at right angles 






to the incident beam. Move the ray-projector round a little so that 
the beam strikes the lirsl mirror at a different angle of incidence and 
observe that the deviation always remains constant. This illustrates 
the principle of the " optical square " as used in surveying, and the 
pentagonal prism as used in range-finders. If one of the latter prisms 
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is available (see Fig. 5 and Fig. 10) this should be placed in the 
incident beam and rotated. 

Reversals caused by Reflecting Systems. 

Place a three slit diaphragm in front of the condenser of the ray- 
projector instead of the single slit and then arrange two mirrors as 
indicated in Fig. 6. Mark on the paper the incident rays 1, 2 and 3, 
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and observe that they emerge from the second mirror un-reversed. 
The simple periscope and the sextant are examples of the instruments 
which utilize this principle. 



(i i'k.u tua! Optics 

Binocular Prism. 

Place the second mirror so that it opposes the first. (See Fig. 7.) 
Note thai in the plain- of the- paper the rays are reversed 

If instead of the three >lit diaphragm a transparent letter R mounted 

mi ,m opaque background he placed in front of the condenser >>f the 
i a\ -projector and a four inch focus lens arranged so a? to produce 
an image of the letter R on a ground glass -creen mounted on the 
drawing paper, it will he found possible to observe reversals " up 

and down " as we'll as " right and lilt." 
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In this Connection, by mounting two other mirrors, as in Fig. 8. on 
wooden supports and placing them so that the line joining the centres 
"i the two mirrors is perpendicular to the plane of the paper, and 
a using the ground glass screen as indicated, the double reversal 
will be clearly seen. This Illustrates the way in which two right- 
angled prisms are employed in the prismatic binocular, known as the 
Porro prism system. It should be remembered that in telescope lens 
systems the object glass gives an image which is reversed " up and 

down " and " right and left," and in many 
cases this has to be compensated for by some 
form of reflecting system. 




Roof-Edge principle. 

Fig. 9 shows two plane minors mounted in 
a suitable wooden base so that they adjoin 
one another along the so-called roof edge EE. 
If the beam from the illuminated letter R is allowed to fall on tin 
two mirrors resting on the drawing board so that the roof edge EE is 
parallel to the drawing board, but at 45 degrees to the incident light 
and the ground i;l a-> screen arranged to receive the reflected image, 
it will be seen that the latter is both reversed and inverted. This 



REFLECTION and Refraction ok Lk;ht 

principle is of considerable importance, for it is adopted in making 
many forms of prisms which are employed in telescope systems 
required to give an erect image of the object being observed. Some 
types of roof prisms are illustrated in Fig. 10. 
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Tetrahedron. 


Erecting Prism. 


Three 
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Reflection by Roof Mirrors combined with one or more Plane Mirrors. 
Set up the illuminated letter R and the roof mirrors as in the 
foregoing experiment, and then reflect the beam on to the ground 
glass screen by means of one plane mirror. Observe that one reversal 
is now corrected, but if a second plane mirror is placed as indicated 
in Fig. 11, the reversal and inversion remains complete. This i- tin 
principle of the periscope erecting device utilized in telescopic systems, 
and is due to Lehman. It is important to note that when a roof 
reflector is employed with plane reflectors, the number of the latter 
must always be even in order to give reversal and inversion. 



8 Practical Optics 

One form of a Lehman prism is shown in Fig. 12 and in Fig. 10. 

Number of Images in two Inclined Plane Mirrors. 

This is denoted by (360/0)- 1, where is the angle between the 
mirrors. Set up two mirrors inclined at 90 degrees on a piece of 
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mirrors 
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while paper. Place some object [e.g. a piece of red sealing wax- 
about J-in. wide) between the minors as shown in Fig. 13. Note 
that the number of images is three. Set the mirrors at some Other 
angle, calculate and observe the number of images. When set at 60 
degrees, the principle of tin kaleidoscope will be illustrated. 

Corner Cube or Tetrahedron. 

Arrange three mirrors such that they are all at right angles to one 
another as in Fig. 14. If one then looks into the corner of the solid 





Fro is 



FJO, 14. 



right angle, an image of the eye will be seen, and. no matter how 
the head is moved about, an image of the eye will always be seen 
right in the comer, thus showing that the incident and reflected rays 
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travel along identical paths. A piece of glass made with three silvered 
faces containing a solid right angle is sometimes made and is called 
a tetrahedron prism. (See Fig. 10.) If a beam of light be directed 
inwards such a prism in a darkened area, an observer will see tin 
reflected beam only if his eye is in line with the projected beam. 
Therefore such devices are made use of by fixing them to the rear 
of motor vehicles, for example, or to the stern of ships at sea, or as 
road signs, so that a beam of light striking them makes them appear 
brightly illuminated to the driver of such vehicles. 

Concave and Convex Mirrors. 

By directing the ray-projector (with seven slits in front of the 
condenser) towards a cylindrical concave mirror of about 6in. radius, 
the rays will be seen coming to a focus (see Fig. 15). The latter 
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can be marked on the paper and a line should also be drawn round 
the inner edge of the minor. Remove the mirror and find its radius 
of curvature by trial with a pair of compasses. Measure the distance 
AF between the focus and the mirror and show that this is equal 

to half the radius. 

If the mirror is made from a curved metal strip and polished on 
both sides, it may be reversed and used as a convex mirror. As 
before, send on to" this a set of parallel rays and note that they now 
diverge after meeting the reflecting surface. (See Fig. 16.) Mark 
their directions on the drawing paper, also the circumference of the 
mirror. Remove the latter and produce back the reflected rays until 
they meet the axis at F. Then AF will be the focus of the mirror, 
which should again be equal to half the radius. 
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Laws of Refraction. 

This experiment illustrates in simple form the relation X. sin / = 
N'. sin r where i and r are the angles of incidence and refraction for 
a ray of light passing from a medium of refractive index N to one el 
refractive index \". 



x 
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A semi-circular glass block (Fig. 17) is laid on the drawing paper 
so that the Hat polished surface coincides with the pencil line XV. 
At the centre point O. draw a line AO, making an angle of (say 
45 degrees) with the normal OZ. Direct the ray-projector so thai 
the narrow beam from a single slit passes along the direction AO. 
(It may be advisable 1" screen off all but an eighth of an inch o( 
the surface at O.) Where the refracted ray emerges from the block, 
mark some position B in the illuminated beam. Remove the glass 
block, join BO. Along AO measure off a distance OA equal in length 
lo OB and drop perpendiculars AZ and BZ' from the points A and 
B to the normal ZZ'. The length AZ divided by BZ' will then give 
the refractive index of the glass block N'. 

Repeat the experiment for other values of the angle i and note in 
each case that the relation N. sin i-K' sin r is a constant. 



Critical Angle and Total Internal Reflection. 

In the special case ol the law of refraction when i becomes 90 
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degrees, both its sine and the refractive index (N) of air being equal 
tn unity, the equation then assumes the form sin ''^^,- This par- 
ticular value for the angle r is called the critical angle for the glass 
concerned with respect to air. To measure this experimentally, 
direct a single narrow beam from the rav-pmjector in the direction 
BO into the semi-circular glass block (Fig. 17.) Having marked 
the position O on the drawing paper, rotate the block about this 
point (making the angle BOZ' gradually larger) until the emergent 
ray OA becomes parallel to the flat surface ol the block (i.e., grazing 
emergence.) Thi.-, will be found to be quite a sensitive setting. 
Measure the angle BOZ', which will be the critical angle, and from 
this the refractive index of the glass may be obtained. 

If one continues to rotate the block, it will be noticed that the 
rav is internally reflected and emerges with the angle ol reflection 
equal to the angle of incidence. 

The above experiment may be repeated with a block of higher 
refractive index material, such as a dense flint glass or. alternatively, 
with a semi-circular glass trough containing a liquid such as carbon 
disulphide. 



Refraction through a Prism. 

Direct a single ray along the drawing paper and mark this direction 
on the latter. Insert a small angled prism (e.g., between 10 and 
15 degrees) in the beam and mark the direction of the refracted 
ray. Remove the prism, join the lines and produce them to intersect 
one another; measure the deviation (D) thus produced, also the angle 
of the prism (.1) by means of a protractor. Observe that for small 
angled prisms D— (X-l) A where N is the refractive index ol 
the prism which may be taken as 1-520. 

Secondly, insert a prism (preferably- of dense flint glass) having a 
sixty degree angle — it may be necessary to place a green filter in 
front of the single slit of the ray-projector in order to eliminate the 
other spectrum colours. Rotate the prism about an axis parallel to 
ihe refracting edge and observe that the deviation reaches a minimum 
and then increases again, even though a continued rotation is given 
to the prism. Determine the position of the prism, which gives 
minimum deviation and make pencil lines along the edges of the prism 
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faces. Also, make two marks on the drawing paper in the paths 
of the incident and refracted rays, join these respective points and 
draw a line so that they meet the lines indicating the prism faces. 
At these intersections draw normals to the prism faces and measure 
the angles of incidence and emergence, also the angle of deviation, 
and note that when the latter has a minimum value, the angles of 
incidence and emergence are equal. With the numerical values thus 
measured, the approximate refractive index of the prism may be 
obtained from 

sinA+D 



sin A/2 
If the single slit is illuminated with while light and a screen placed 
in the emergent beam at some distance from the prism, a spectrum 
will be seen. 

Action of a Lens. 

Fit the ray-projector with a five-slit or seven-slit mask in front of 
the condenser so that a number of parallel rays are seen traversing 
the drawing paper. In the path of these rays interpose a plano- 
convex slab lens (the curved surface being about 10 cm. radius) and 
arrange the central ray to pass along the axis of the lens undeviated. 
Observe the way in which the other rays are refracted and made to 
intersect on the axis at approximately the same point. This point 
is called the focus of the lens and its distance from the latter is 
known as the focal length, namely, 20 cm. 

Similarly, a concave slab lens may be rested on the drawing paper 
in the path of the parallel rays. It will be noted that the rays diverge 
after passing through the lens; if the direction of these are marked 
and produced back until they intersect on the axial ray (after the 
lens has been removed) the distance between this intersection point 
and the lens will give I he focal length. 

Lens Aberrations. 

If the semi-circular glass block be used as a lens and placed with 
the convex surface towards the incident parallel rays, the spherical 
aberration will be sufficiently great to enable the distance between 
the position at which the extreme marginal rays cross the axis and 
that at which the paraxial rays meet the axis to be seen clearly on 
the paper. 
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If the central rays are stopped out and only the extreme marginal 
rays are allowed to pass through the lens, the chromatic aberration 
may be observed by first putting a red and then a blue filter in front 
of the ray-projector. 

By returning to the set-up with seven incident parallel rays, the 
semi-circular block (now acting as a lens) may be rotated on the 
paper, when it will be noticed that the rays from the marginal parts 
of the lens no longer intersect on the axial rays, but are displaced, 
illustrating the aberration known as coma. 

Telescopes. 

The path of rays through a telescope lens system may be clearly 
illustrated by means of the ray-projector. Using the 20 cm. focal- 
length slab lens in the path of the incident parallel rays, locate the 
focus and place a much shorter focus positive cylindrical slab lens 
(of about 4 cm. or 5 cm. focus) in some position beyond the focus 
of the first lens such that the rays emerge parallel after leaving the 
second lens. 




Pro. is. 

Repeat the experiment by substituting a short focus concave 
lens as the eyepiece lens, but in this case it will be found necessary 
to place it between the first lens and its focus in order to render 
parallel the emerging rays. This experiment shows the principle of 
the Galilean or terrestrial telescope, whereas the former illustrates the 
astronomical or inverting type of telescope. 

Now, alter the direction of the ray-projector so that the central 
ray passes through the centre of the first lens, but making an angle 
of, say, 5 degrees with the axis. (Sec Fig. 18.) The direction of 
the parallel rays leaving the eyepiece lens may then be marked and 
the angle they make witii axis of the telescope measured. 

This angle is that under which the final virtual image would be 
seen by the eye, whereas the angle under which the object would be 
seen directly (neglecting the length of the telescope) would be the 
initial 5 degrees. The former angle divided by the latter gives the 
magnification of the telescope. 
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Erecting Prism. 

The combined effecl of refraction and reflection is utilised in one 
foi-m of erecting prism depicted in Fig. 19 and Fig. 10. The reversing 
effect may be beautifully shown by directing a shlgli ray parallel to 
the hypotenuse of a right angled prism, first near the point A and 
ilien gradually move the ray- project or (with its Single slit] across 
the drawing paper, keeping the incident ray parallel to the hypotenuse. 
It will then be noticed that the ray incident near A emerges near ('. 
and when the incident ray is near B it emerges near D (all rays suffer- 
ing refraction at faces AB and CD and total internal reflection at 
AD) . thus producing a one-way reversal. If the incident ray is moved 
on beyond B, the refracted ray at the first surface is internally reflected 
on meeting the face ("D and therefore does not emerge beyond CD; 
hence the effective aperture of the prism may be obtained as indicated 
by the line BC. 



,^-9<S>v 




Fib. 19. 

In all the foregoing experiments in refraction, should it be possible 
to have the glass blocks, lenses, prisms, etc. , made in uranium glass 
or other material in which small particles are held in suspension, it is 
then possible to see the path of the rays in the glass and not merely 
where the rays enter and where they leave the material. Admittedly, 
this may seem an unnecessary luxury! But, nevertheless, the fact of 
seeing the rays throughout their journey conveys the effects more 
forcibly to the student. 

Ray-Tracing Methods. 

It may be necessary in certain optical problems to trace rays 
through such systems with greater accuracy than the ray-projector 
methods would allow, and, indeed, with lens systems ray-tracing 
methods can be distinctly useful in providing information about the 
design of a lens in the initial stages. The methods given in this 
chapter deal with two graphical methods and one strictly exacl method 
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by trigonometrical means. In order to illustrate the procedure in 
each case, let us take some such example as shown in Fig. 20, which 
may be looked upon as telephotographic lens, and trace an incident 
ray parallel to the axis through the lens system of the following 
specification: — 



Lens ( I ) 
Refractive index (N) 1-550 

Radius r = 60' 
Radius r a = -6*0' 
Axial thickness = 0-70" 
Diameter =4*0" 



Lens [2) 
Refractive index (N)» 1-750 
Radius r,= -60* 
Radius r,= -60" 
Axial thickness=0-20" 
Air -pace between lenses = 30* 
Mi 




-- Foed 






Fig. 20. 

One of the better and more convenient oi the graphical methods is 
due to Dowell* and consists of the following construction. On the 
drawing paper near the diagram of the lens system (already set out) 



N-roo 




Fig. 21. 

describe circles corresponding in radius to unity and the respective 
refractive indices of the two glass to some suitable scale. (See 
Fig, 21.) (Unity being taken as 10 cm. makes a convenient scale 

• J. II. Dowell, I'm,-. Opt. Convention 979, 1926. 
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in order to give reasonable accuracy.) From the point o draw a 
line oa parallel to the incident ray OA. At a. draw ab parallel to 
the radius AR,, cutting tin- N 1-550 circle in b. Join ob, this gives 
the direction of the refracted ray in the glass of the first lens. Draw 
AB parallel to ob. 

From b draw be parallel to BR„, cutting the unity circle in c. Join 
oc and draw BC parallel to oc. This will be the direction of the ray 
as it leaves the lens. Then draw cd parallel to the third radius CR, 
cutting the N= 1-750 circle in d. Draw CD parallel to od. And 
finally draw dc parallel to DR, cutting the unity circle at c. Join oe 




I'ir.. 22. 
Graphical Ray Plotter. 

and make DE parallel to this. The point E will represent the focal 
plane of the lens system, and if ED be projected back so that it inter- 
sects the initial parallel ray, the dotted line PP will give the position 
of one of the principal planes of the system and the length PE is 
known as the equivalent focal length. 

B.K. Ray-plotter. 

The second graphical method for ray-tracing consists in using a 
ray-plotter, an idea suggested by the writer and illustrated in Fig. 22. 
This device has the advantage that no auxiliary constructional 
diagram on the paper is required, as in the foregoing method. The 
ray-plotter consists of a sixty degree set square made in some trans- 
parent material on which is arranged a special scale calibrated in 
terms of refractive indices ranging from 10 to 20 (i.e., covering 
most transparent materials). 
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On a line parallel to the hypotenuse edge, small holes are si mated 
at A and B. These holes arc spaced at a distance equal to unity- 
corresponding to some suitable scale. (In this case 10 cm.) Further 
along are two adjustable slides with other holes C and D and corres- 
ponding index lines reading off the main scale. If the instrument 
were to be used for tracing from air to glass or from glass to air, only 
one adjustable slide would be necessary; but by having two variable 
slides it is possible to utilize the plotter for tracing from one glass to 
another with no intervening air space, and, consequently, the device 
is of universal use for all problems connected with graphical ray- 
tracing in optics. 

The Instrument in Use. 

Procedure when tracing from air (refractive index 10) to glass 
(refractive index 1-52). 





Imagine a ray OP incident at the surface at P (Fig. 23 a and b) 
XV are normals to the surface at P. Place the ray-plotter such 
that the hole B coincides with P and A lies on the incident ray. Insert 
a pin through the hole at A (and with the adjustable scale set to 
read 1-520), rotate the plotter about this point until the hole C is 
immediately over the normal to the surface. The direction AC is now 
the direction of the refracted ray and by placing a ruler along one 
of the edges of the set square the hypotenuse edge may be brought 
on to the point P and the refracted ray drawn from this point. 

When tracing from glass to air. the hole C is made to coincide 
with the point of incidence of the ray at the surface and A placed 
on the ray direction. As before, the plotter is rotated about the point 
A but now it is B which must be brought over the normal to the 
surface. Thus the hypotenuse edge of the set-square again gives 
the direction of the refracted ray and only requires sliding to the 
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point of incidence of the ray at the surface, when tfal refracted ray- 
may be drawn. 

Procedure when tracing from one glass (e.g., refractive index = 
1-750) to another (e.g., refractive index- 1-520) (see Fig. 24.) 

Set slide D so that it reads 1750 and slide C to 1-520. Then place 
the ray-plotter so that the hole D coincides with P and the hole A 
lies on the incident ray in the medium with N= 1-750. Insert a pin 
at A and rotate the plotter until the hole C lies immediately over the 
normal (i.e., the radius) to the surface. As before, the hypotenuse 




Hi.;. 24. 

edge of the set-square will now give the direction of the refracted 
ray in the medium with N = 1-520 and only requires sliding to the 
point of incidence P at the surface to enable the refracted ray to be 
drawn. 

General Rule for Use of the Instrument. 

From the foregoing examples it will become clear that the general 
procedure is as follows:— 

When tracing rays from left to right (the usual practice) the plotter 
is placed with the hole (corresponding to the refractive index of the 
material to the left of the surface concerned) over the point of 
incidence P and the hole A on the incident raw With the second hole 
already set on the refractive index scale correspond in. g to the materia] 
to the right of the surface, rotate the instrument about the point A 
until the second hole lies immediately over the normal to the surface . 
Then slide the hypotenuse face of the set-square up to the point ot 
incidence P at the surface and draw the refracted ray. 

1 his procedure may be continued surface by surface throughout the 
entire optical system under consideration. The method proves to be 
exceedingly simple and rapid when in operation. 
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Trigonometrical Ray-tracing. 

When greater accuracy is required, one has to resort to trigono- 
metrical methods, and the lens system shown in Fig. 20 will be Used 
as an example for tracing a ray trigonometrically through it in order 
to illustrate the methods of doing this. The five fundamental formulae 
for this purpose can easily be deduced from the diagram in Fig. 25 
and are as follows: — 

(1) sin I = sin U. {L-r) r 

(2) sin I' -sin I. N/N' 

(3) U'=l -I I' 

(4) /.' -r = sin T. r/sin W 

(5) /.'=(/.' r) ■ r 

Tin- manner in which these formula; may be utilized for the 
calculation is shown on page 20, where the procedure is set out in 
detail. There are a few minor points of explanation which are 
necessary relating to the sign convention employed. Distances 
measured to the right of the pole of the surface A arc considered 
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positive, whereas those to the left of A are negative. Thus, for 
i sample, in the specification of tin- lens given on page 15 it will be 
noted that the surfaces 2 and 3 have radii r.. and r, with a negative 
sign. In i In case ol angles, rays meeting the axis are measured from 
the axis to the ray, and if this constitutes a direction in the hands of 
;i clock, the angle is positive in sign; or negative if in an anti-clockw is 
direction. When a ray meets ;i surface away from the axis, such as at 
P (Fig. 25), then we measure from ray to radius, and, similarly, a 
clockwise direction indicates a positive angle and an anti-clockwise 
direction a negative angle. A further point, is that it is important 
to note that when taking out the logarithm nf a negative quantity it 
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is advisable to indicate this in some way; generally by putting a small 
letter n after the log. 



1st 2nd 

Surface. Surface. 

L 15-990 

-r +6000 

(l.-r) 21-990 

log sin U >"=l-40 8 9266 

•log (L-r) 1-3422 



3rd 

Surface. 

1 -790 
+ 6000 
7-790 
9-4260 
0-8915 



411. 
Surface. 

4080 

-6000 

-1-920 

90627 

0'2833n 



log(/.-r)sin U* 
-logr 


01461 

0-7782 


0-2688 
0-7782n 


0-3175 
0-7782n 


9-3460n 
0-7782 


log sin / 
-logN/N' 


9-3679 
9-8097 


9-4906n 
01903 


9-5393n 
9.7570 


85678a 
0-2430 


log sin /' 

log r 


91776 
07782 


9-6809n 
0-7782n 


9-2963n 
0-7782n 


8-8108n 
0-7782 


log r sin /' 
- log sin U' 


9-9558 
8-9266 


0-4591 
9-4260 


00745 
90627 


9-5890n 
91554 


log(L'-r) 


10292 


1-0331 


10118 


0-4336n 


Angle register 
V 
+/ 


0-0' 
13° -29-5' 


4° -50-5' 
- 18 c - 2' 


15° - 28' 
-20° -15' 


6° - 38' 
-2° -7' 


V 1 

-I' 


13" -29-5' 
8° - 39' 


-13° -11-5' 
+ 28° - 39-5' 


-4-47' 
+ 11° -25' 


4°-31' 
+ 3° 42-5' 


V 


4° -50-5' 


15° -2S' 


6° -38' 


S 13 5' 


L'-r 

■ r 


10-690 
6000 


10-790 
-6000 


10-280 

- 6000 


-2.714 

+ 6.000 



/-' 16-690 

- axial thickness 0-700 



4-790 
3 000 



new L 



15-990 



1-790 



4-280 

0-20 

4-0S0 



3-286 



Kquivalent focal length^log Y final log <j' = 01461 - 91554 -0 9907 
Antilog 0-9907 = 9-788" 



Back focal length =3-286" 
For Parallel I.iglil use log Y. 
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In the example given, only four figure logarithms and trigono- 
metrical functions have been used, giving an angle accuracy of one 
minute of arc. This will be found ample for introductory work; 
bul i( serious work on optical design is contemplated, one second of 
arc accuracy will be called for. But this is a much bigger problem 
aod requires considerable study. A book to recommend in this 
Connection is Applied Optics and Optical Design — A. E. Conrady. 

It would be desirable if the student sets himself another example 
as well as that worked out on page 20 in order to become familiar 
with the process and also carry out a graphical ray-trace. In this 
way aU Opinion may be formed as to the relative accuracy and useful- 
ness <>f the two methods for any particular problem in question. 



C H A P T E R I I 

FOCAL LENGTH MEASUREMENTS 

Description of Optical Bench; Optical Bench Experiments. 

V optical bench of the type here described is distinctly convenient 
in a laboratory; its combined simplicity and comparative accuracy 
make it valuable for both instructional and commercial work. Fig. 
26 -hows the general appearance of the bench and, as will be seen. 
it consists of a metre steel rule supported in a vertical plane along 



Cress Line 
Object 



Lens 
Holders 



Ground '-O/ass 
Screen 



Eyepiece in 
Holder 
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which all other necessary fittings slide. A group of these fittings ate 
shown in Fig. 26A such as the cross-line object, ground glass screen. 
lens holders, mirror, etc. It will be noted that the base of all these 
fillings is cut away in such a manner that readings may be taken 
directly from the steel rule without any appreciable error being 
introduced. Where more accurate readings are necessary, a correction 
rod may be employed. The lens holders are designed to carry lenses 
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from any ordinary spectacle trial case, so that for experimental work 
a large range of lenses may be available. 

I Ik fittings that support the steel rule in a vertical position arc 
also shown in Fig. 27. These are adaptable not only to the metre 
rule but to shorter lengths such as a foot rule when experiments only 

Cross-Wire Lens Eyepiece Ground- Glass Correction 

Object Holder (Rantsdenlype) Screen Rod 

X 




^m 



lOJ 1 



, Mirror 
■n Mount 



Achromatic Lens 
in Mount 
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involve small ranges. Scale drawings ol the lens holders an shown 
in Fig. 28. From these illustrations (Figs. 26 to 28) a general idea 
of the optical bench may be obtained. 

Measurement of the Radius of Curvature of a Concave Mirror or 
Concave Lens Surface. 
For this experiment, a concave mirror of about 20 cm. radius 



'I 'J'Hl 'J'l'i'JUT 




np/7 1 ru i p j i j i r n 



P», 27. 

(consisting oi ,i negative spectacle lens silvered on one <>i it- surfaces) 
may be utilised. It should be held in one of the mounts and arranged 

on the optical bench together with a cross-line as object (see Fig. 29). 
By illuminating the latter, the minor may be moved to and fro until 
a sharp image of the cross-line is seen back-reflected on the whili n< d 
back surface of the cross-line mount, when the reading of this and 
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the mirror mount may be takes. The correction rod (of known 
length) should then be placed between the cross-line object and 
mirror, and both of them brought into position so that they make 



Trial Use Lens is 

put inhere anticlampedbi/this sliding fitting 



Btmiittdgt^ j 
inline with 
centre of lens 
tromi*lncn 
retdingnre 
Uken off 
zzeel rule 




WjtchSprino 



A Conune 
Mirror is 
shown dotted 



Milled Head 
ZBA Thread 
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Fig. 28. 
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contact with the spherical ends of the rod and the readings from the 

optical bench scale taken once again. The difference between these 

two sets of readings will give the 

correction to be applied to the direct 

readings of the mirror mount and 

cross-line mount in order to give the 

correct radius of curvature of the 

mirror. 

If a concave lens surface (i.e., 
unsilvered) is to be measured, the 
same procedure is adopted with the exception that the surface not 
under test should be covered with some material which will prevent 
light being reflected therefrom. (Vaseline smeared on will be found 
suitable for this purpose and may be easily removed without damag ing 
the unused, polished surface of the lens.) It will be found that the 
back-reflected image of the cross-line from the unsilvered surface will 
not appear as bright as before, but amply so for satisfactory measure- 
ments. 
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Radius of Curvature of a Convex Mirror or a Convex Lens Surface. 

Arrange the apparatus on the metre optical bench as shown in 
Fig. 30. O is the cross-line object at the end of the steel rule. A is a 
lens (held in one of the lens holder fittings) which forms an image 
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,,i iii, ci oss-wires on the ground glass screen. Determine the reading 
on i!i, optical bench of t!u- ground glass screen S when the imag 
sharply in focus. Interpose the convex minor to be tested M in the 
position indicated and adjust its position until the image back 
ected by the mirror M is coincident with the plane of the object. 
The reading of the mirror is then taken, and the distance SM is th< 
radius of curvature of the surface. For, in order that the rays 




/ 
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leaving () and A should retrace their paths after reflection from the 
mirror and form an image at 0, they must strike the mirror normally; 

and this is only the case when the distance SM is equal to the radius 
ui curvature ol the surface. A number of independent readings should 
be taken for the position of M and the mean obtained. 

For the determination of the radius of curvature of a convex lens 
surface, the same method is used, but with the back surface of the 
lens covered in some such material as mentioned in the previous 
experiment. 

The Solving of " Thin " Lens and Spherical Mirror Problems. 

Simple furmula- may be derived on the Gaussian principle giving 
the relation connecting the positions of object and image and the 
focal length of the lens or minor. 

In the case of spherical mirrors, the relation is 
I /= 2 r I :• i |/„ 
and in the case ol thin lenses, the relation is 

I f: I : • - I U 
when i is tin- focal length of the minor of lens 
u is the object distance 
:■ is the image distance. 
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In onier to apply these formuhe coin iiiy. it is necessary to employ 

a suitable sign convention. Many and varied forms of sign convention 
have been used in the past, and much confusion in the mind of 
students has arisen on account of this. In order to clear up this 
matter a Selected Committee appointed by the Physical Society has 
discussed this whole subject, and its recommendations are given in 
the Report on the Teaching ol Geometrical optics (1934) (published 
by the Physical Society). One of their conclusions, and possibly 
the most convenient one, is to treat the lens or mirror as being situated 
at the origin of the ordinary Cartesian co-ordinates (see Fig. 31) 
with the proviso that " the positive direction is the initial direction 
of progress of the light." 

Distances arc then measured from the lens or mirror, those against 
the incident light being negative in sie.n and those with the incident 
light being positive. 

For distances measured off the axis (such as image height-, when 
measuring magnification) those below the axis may be reckoned 
negative and those above, positive. 

A further recommendation by this committee i^ that illustrative 
diagrams should as far as possible be drawn with a left-to-righi 
progression Of the light, since the sign convention of the diagram will 
then coincide with thai of ordinary graphical work. 

On this system, the focal length of a converging lens is a posit ve 
quantity and that of a diverging lens negative, so that the signs of 
the focal length- agree with the signs of the powers. 

This is the most generally accepted terminology in commerce at the 
present day, but for student's problems connected with lens and 

mirror equations, the system suggested in the Appendix (page is-n 

may be found more satisfactory. 

Focal Length of a Convex Lens (Thin). 

(i) Place a-^SD spectacle lens in one of the lens holders on the 
metre optical bench. Direct the optical bench at some distant bright 
object, for instance, a lamp placid in a long corridor — the distance 
-iiould not be less than 50 yards. Place also on the bench a ground 
glass screen in its holder and receive an image of the distant object 
produced by the lens on this. The difference between the readings 
of the lens holder and ground glass screen holder will give the focal 
length of the lens. Make a number of independent settings and 
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measure the distance in each case. See how nearly any one measure- 
ment is likely to be correct. 

(ii) After having used a distant object, use an object comparatively 
near to the lens. This method involves the use of the formula 
1 //=!/?•- 1 'u, where / is the focal length of the lens, u the distance 
from the lens to the object, and v the distance from the lens to the 
image. Due respect must be made to the use of signs when employ- 
ing this formula, and it should be remembered that: distances to the 
left of the lens are reckoned as negative, whilst those to the right of 
the lens are positive. Set up the cross-line object O (Fig. 32) at one 

L 

o --/*•--. / 



£= 



-=«- 



-n. 



1— ~— i 

Fig. 32. 

end of the optical bench and illuminate it with a lamp. Place the 
5D lens L (in holder) at a distance of about 45 cm. from the object 
and receive an image of the cross-line on the ground glass screen. 
Take a number of independent readings for the position of this screen. 
Measure the distance » (lens to object). In this case it will have a 
negative value. Also measure v (lens to image) and this will have 
a positive sign. From these values calculate the result for /. 
Move the lens to another position and repeat the experiment. 



O 



M 



Pro, 83. 
(iii) Auto-Collimation Methods.— It will be seen from Fig. 83 
that if light diverging from the object O is rendered parallel by the 
lens L, reflected back by a mirror M, and again brought to a focus 
by the lens, the distance OL will be the focal length of the lens. Set 
up the object O at the end of the bench as before and illuminate it; 
place the lens about 20 cm. from the object and farther along the 
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bench place the mirror M in position. If the mirror has plane surfaces, 
ils position relative to L is immaterial. Carefully adjust the lens 
holder until an image of the object is sharply focussed on the whitened 
back of the object. (The mirror may require tilting slightly.) 
Measure the focal length OL. Take a number of independent readings 
for the position of L. 

(iv) Telescope Method — A small auxiliary telescope may be made 
up by utilising the achromatic lens and eyepiece fitting (shown in 
Fig. 26A) and arranging them on the right hand end of the bench 
at the correct separation such that a distant object is sharply focused. 




FJG. 34. 

Then place the cross-line O and the lens L at the left. On observing 
through llu telescope move L backwards and forwards until a sharply 
defined image of the cross-line O is seen (sec Fig. 34). The distance 
OL will be the focal length of the lens. As before a mean value for 
a number of settings should be taken, and the results given by these 
four methods way be compared. 

Focal Length of " Thin " Concave Lenses. 

Sef up the cross-wire object O (Fig. 35) at one end of the optica] 
bench, and form an image of this by means of the lens A on the 




O 
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ground glass screen S,. Place a -3D lens from the trial case in one 
of the lens holders and insert this in the path of the convergent beam 
at L. Move the screen until the image is again focused, as at S s . 
The image produced at S, by the lens A serves as the object for the 
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negative leas, so that the distance L S, is » and is positive in sign, 
while the distance L S., is v and is also positive. Using the formula 
I i-l/v-l/u as before, the focal length of the negative lens may 
be determined. All values of readings taken from the bench should 
be the mean of a number of independent settings. Move the negative 
lens L to a fresh position and repeat the experiment. 

Lens Systems — Two " Thin " Lenses in Contact. 

In order to show that for two thin lenses in contact the combined 
power is equal to the sum of the powers of the individual lenses, the 
following experiment may be carried out: — 



L. La 
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A collimator (Fig. 36a) is first set up on the optical bench, the 
lens C (of about 15 cm. focus) being set in its proper position by 
means of the " mirror method " shown in Fig. 33. In the path of 
the parallel beam thus produced the lens L, (a-t-4D spectacle lens) 
is placed, and the image of the cross-line received on the ground glass 
screen S,, the distance L,S, being recorded. Then, insert a lens oi 
+ 3D in another lens holder and place it on the optical bench so thai 
the two lenses are as close together as possible and move the screen 
until the image is again sharply focused. Record the distance between 
the screen and the centre of the two lenses. By dividing this distance 
L,S a in centimetres into 100 the power of the lenses combined will 
be obtained, when it will be found that the two lenses in contact will 
give a combined power of H 7D. 

Then, replace the +3D lens by a ID lens (see Fig. 36b). Note 
that the screen S a has now to be moved farther from the position S,. 
Record its position when the cross-line is in focus and measure tin- 
distance L,S a . As before, obtain the power of the lens combination 
and note that this should now be +3 dioptres. 
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This principle is the basis for the determination of the power of ;i 
lens by " matching " it with a lens of equal and opposite power. 
For example, if we have a lens of unknown power and we have a 
spectacle lens trial case at hand, a lens can be picked out from the 
latter which when placed in contact with the former will produce no 
movement of the image of an object looked at through the two lenses 
held and moved in front of the eye. 

Two " Thin " Lenses Separated by a Known Distance. 

An example demonstrating the meaning of " equivalent focal 
length " and " back focal length " of a lens system with an experi- 
mental verification of the two relations: — 



.(«= 



Uh 



, , . h$fl- d 

may be shown m the following way. 



and/ B = 



/ g (/.-«0 




The lens system L (Fig. 37) may be made up of two trial case 
lenses A and R of +6D and -6D respectively, mounted in the lens 
holders on the optical bench and separated by a distance of 8 cm. 
If this be placed in the path of a parallel beam formed by means of 
the collimator C (having two parallel wires as object) an image of 
the object will be formed on the ground glass screen S, the distance 
BS being the back focal length. 

To determine the equivalent focal length, first measure the separ- 
ation of the two wires imaged on the screen S, then remove the lens 
system L from the bench but keep S in a fixed position. By suitable 
trials ;i single lens E may be found which will give the same sized 
image as that given by the lens combination L. When this has been 
attained, the distance ES will be the equivalent focal length. From 
a knowledge of the focal lengths of lenses A and B the two focal 
lengths / K and /„ should be worked out from the formula: given, and 
a comparison made between these values and those obtained experi- 
mentally. 
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Focal Length Measurement by Newton's Method. 

A lens formula given by Newton states that the product of the 
distance of an object from the first focal point of a lens or lens system 
and the distance of the image from its second focal point, should be 
equal to the square of the focal length of the lens. Thus, referring 
to Fig. 38 the relation x.x' = f- is valid. Making use of this equation, 
the focal length of a lens system L (consisting of two similar lenses of 
•f 4D power separated by 10 cm.) may be conveniently carried out. 



/^ = 



c 




1 1 is first necessary to find the position of the two focal points F and 
F' (Fig. 38). This can be done by temporarily inserting a +5D lens 
C at the correct distance from O such that OC forms a collimator and 
gives a parallel beam emerging from it. Placing the lens system in 
the path of this parallel beam the position of one of the focal points 
F' can be located by the ground glass screen and recorded, for at this 
position an image of the cross-line will be focused. As the two 
lenses of this system arc similar ones the position of F will be at the 
same distance to the left of the front lens as F' is to the right of the 
second lens; if desired dissimilar lenses may be used, in which case 
F and F' must be found individually by placing each end of the 
combination in turn towards the collimator. 

Having, therefore, fixed the two positions of F and F', the 
collimating lens C is removed, and the cross-lines O moved so that 
the distance OF is (say) 15 cm. The screen S is then positioned until 
an image of the cross-line is sharply in focus and the distance F' S 
is measured. The square root of the product of these two distances 
will give the focal length of the lens system. 

" Thick " Lenses and Lens Systems. 

Whilst the foregoing experiments have dealt with supposed 
infinitely thin lenses and the application of " thin lens " formulae, 
we have in many cases to deal with lenses of finite thickness and 
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sometimes of a complex character. In these cases the thin lens 
formulae no longer hold. The general principles of the Gaussian 
treatment of thin lens problems may, 
however, be applied lo those of thick 
lenses provided we use Principal 
Points and Principal Planes within 
the lens from which the usual dis- 
tances may be measured. For 
example, in Fig. 39 object distances 
would be measured from P, and 
image distances from P„. The 
positions of these principal planes 
are found by the inU-rsection point of an initial parallel ray 
and the corresponding finally refracted ray projected forward and 
backward respectively (see diagram). Thus a " thin " lens placed 
in the plane P, would have a focal length equivalent to that of the 
thick lens, namely, the distance P S I. Modern requirements demand 
rather greater accuracy than thai obtainable on the simpler form of 
optical bench already described, so that for more advanced work 
better apparatus is required. Fig. 40 shows a form of optical bench 
suitable for such work, and consists of a rod and bar type support 
one and a half metres long (divided in millimetres) on which the 
holders carrying the fittings slide. Some of these fittings are shown 
in the illustration. 



Focal Length — Magnification Method. 

This method can be particularly useful for measurements on com- 
pound lens systems of all kinds. The theory will be made clear from 
the Gaussian diagram of Fig. 41 in which an object placed at h, 
will be imaged at &,' and the magnification thus produced will be 
m , = /','//» , = (-•,- /) //. Similarly if the object is moved nearer to the 
lens so that the object distance is now „.. the image will be formed 
at a distance v, and the magnification will be m t =h a '/h l ^(v f) >: 
by combining the two equations we get 
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Utilising this formula in practice, a millimetre scale on glass is placed 
on one side of the lens at h, and its image is measured by means of a 
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micrometer eyepiece situated al h/. The magnification may thus 
be obtained; this is repeated for a second position of object and image. 
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The other requirement, in order to determine the local length is 
(t'., -■:',) which is the distance moved by the micrometer eyepiece 
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along the optical bench. It will be obvious that the formula may 
be derived in terms of the object distances h, and n,, in which, case 

ii..- a, 



/= 



1 ni.. ll)ii, 

The result given by the first formula may be checked by that given 
by the latter. 
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Negative Thick Lens. 

The foregoing formula; may be applied for the determination of 
the focal length of a thick negative lens or lens system. The 
arrangement of the experiment is that shown in Fig. 42 in which an 
auxiliarv positive lens is used to form an image at I, of a glass 
scale. This image* which can be arranged to be of the same size 
as the object, serves as the object for the negative lens when it is 
interposed in the converg ni beam. When this has been done, the 



Scale 
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image will lie in some such plane as indicated at I,, and can then be 
measured by means of the micrometer eyepiece. The ratio of the 
size of the image at L to that al 1, will give the magnification »i , 
for use in the formula. 

If the negative lens is now moved to the position shown in clotted 
lines, the image will move to I., and the magnification in., can be 
obtained. It should be noted thai in determining the value (» 2 - ;•,) 
I his corresponds to the distance I., to 1, plus the movement of the 
negative lens from its first position to its dotted position; similarly 
(«, — «,) will be equal to the distance moved by tin- negative lens 
alone. 



Foco-Collimator. 

This instrument is one of the more convenient devices for focal 
length measurement, chiefly on account of the simplicity and rapidily 
of the procedure, and it is therefore ideal as a workshop tool. It 
consi-s oi a collimator tube at one end of which i- mounted a good 
qualitv achromatic len? of about 10 in. focus and at the other a 
glass plate on which are ruled IW0 fine parallel lines A and B about 
2 mm. apart (see Fig. 43) situated in the focal plane of C. Thesi 
two lines subtend an angle " at the [ens C and this angle can be 
measured accurately by means oi a theodolite. Thus, two parallel 
beams emerge from the collimator inclined to one another at this 
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angle, and if the lens to be tested is placed in the path of these beams 
it will form images A' and TV in its focal plane, the separation of 
which can be measured by means of a micrometer eyepiece. Fumi 
the geometry of the figure the triangles ABC and A'B'P are similar 
ones and the angle is common to both. The angle b is equal to 




Fie. 48. 
A'B'/f in circular measure, and if H has already been determined, 
the focal length of the lens under test f = A r B'xl/6. This latter 
term, namely, the reciprocal of the angle ft in radians, may be worked 
out as a simple multiplying factor and engraved on the collimator 
tube. 

An additional asset to such an instrument is to have the graticule 
ruled with five lines each spaced at 1 mm. intervals, with factors 
worked out for the maximum separation and intermediate separation 
of the lines; so that lenses of widely different focal length- ma\ 
be accommodated for by the one instrument. 
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N.B.— A word may be said about the positioning of tin- graticule 
accurately at the focus of the lens C in the collimator, and indeed 
this remark may apply to the focusing of all collimators. The 
familiar " minor method " is employed, with the refinement that 
the location of the lines proper and their images in the same plan. 
is carried out by viewing the graticule with a microscope having a 
small depth of focus; the method is depicted in Fig. 44. 
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A useful modification of this instrument intended for quite short 
focus lenses (e.g., 2 in., 1 in. and less such as eyepieces and even 
microscope objectives) is shown in Fig. 45. The collimator is 
attached to the stage of a microscope, and the microscope itself views 
the image A'lV; the latter is received on a scale situated in the eye- 
piece. Taking into account the magnification M of the microscope 
objective, the multiplying factor will then be (1/Mxfl). 

Nodal Slide Method. 

The nodal points of a lens are points on the axis of the system such 
that an incident ray passing to the first nodal point under a particular 
angle with the axis will leave the second 
nodal point under a similar angle. For 
example, in Fig. 46 the ray ON, makes an 
angle 6 with the optical axis XY, this ray 
will then emerge from the nodal point N.. 
under the same angle 0. When die medium 
on each side of the lens system is of the same 
refractice index, the nodal points coincide 
with the principal points (see Fig. 39). 



Graticule 
/ 
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From the above principle it is easy to see that if the lens was' 
arranged to rotate about the point N 2 , the image of an object would 
remain stationary; and if the incident light is parallel the distance 
N g l will represent the focal length of the lens. If, however, N s was 
not over the centre of rotation of the lens, then the image I would 
swing from side to side. This therefore gives us a method for deter- 
mining the focal length of a compound lens system, for it is only 
necessary to have a lens mount which has rotation about a vertical 
axis and a means of moving the lens to and fro with respect to this 
axis; a collimator, and an eyepiece for observing the image. These 
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are mounted on the optical bench and the lens adjusted until the 
image at 1 observed with the eyepiece (or maybe a low-power 
microscope) appears to remain stationary, then the distance between 
the centre of rotation and the image plane will give the focal length 




Fas. 17. 



of the lens. In order to get an absolute value for this, it may be 
necessary to use the correction rod so that the direct readings from 
the bench may bo converted into their true values. Fig. 47 shows 
a pictorial view of the optical bench set up for measurements by 
this method, including the nodal slide mount. 



CHAPTER 111 

THE TELESCOPE 

This instrument, in its various forms, is of such general Use that 
its principle should be thoroughly understood. This is best done by 
making up working models of the varying types of telescopes by means 
of the optical bench and spectacle lenses from a trial case already 
described, for in this way one can have access to the various optical 
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components and vary the distances of the latter and so illustrate the 
effects clearly. The external tube or mount of the complete telescope 
frequently hides the internal lenses and only mystifies the student; so 
that whilst it is, of course, advisable to take measurements on and to 
dissemble the complete instruments at a later period, it is more helpful 
in the earlier stages to make the necessary diagrammatic sketches and 
calculations and to make up the models according to the specifications 
thus arrived at. The following experiments are arranged with this 
in view. 

Model Telescopes. 

The experiment consists in setting up a simple astronomical or 
inverting telescope and taking measurements in connection with the 
instrument and then repeating the measurements for a Galilean 
telescope. 

Astronomical. 

Use a metre optical bench for the experiment. At the left hand 
end, place a lens (from the trial case) of fairly long focal length. 




I'i<;. 48. 
Path of Kays in Telescopa (Diagrammatic). 

e.g., a + 2D, in one of the lens holders. Receive an image of some 
distant object produced by the lens on the ground glass screen. Place 
in a second holder and on the other side of the ground glass 
screen a short focal length lens, such as a | 1 2D. Turn the optical 
bench completely round and again focus the distant object on to 
the ground glass screen by adjusting the position of this lens 
holder. Then remove the ground glass screen from out of its mount, 
and insert in its place a metal diaphragm having a hole in it of about 
five-eighths of an inch in diameter. Now look at the distant object 
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through the system of the two lenses. This is a simple form of invert- 
ing or astronomical telescope; the + 2 D. lens would be known as 
the object-glass, while the + 12 D. is the eyepiece. (See Fig. 48.) 
Some form of cover placed over the optical bench between the lenses 
will help in removing stray light and thus improve the contrast of 
the image. 

Observe that: — 

(i) The image is larger than the object as seen directly, i.e., it 
subtends a greater angle at the eye. 

(ii) The image is inverted and reversed. 

.Measure the distances, off the optical bench, from the object-glass 
to the image, and from the eye-lens to the image, and compare these 
values with the nominal focal-lengths of the two lenses as given by 
the focal power engraved on the lens ring. 

Focal length (in cm.) = 100/ power (in dioptres). 

Observe that the distance apart of the lenses when the telescope is 
focused for parallel light is equal to the sum of the focal-lengths. In 
this condition the telescope is said to be in " normal " or " afocal " 
adjustment. 

Find the position with a ground-glass screen of the image of the 
O.G. aperture projected by the eye-lens. This image is variously 
known as the Ramsden circle, the eye-ring, or the exit-pupil. Note 
that for comfortable vision this image must fall on the pupil of the 
eye of the observer. 



Magnifying Power. 
This may be defined as the ratio: — 

angle ^ under which^ the jmage Js_seen through the instrument 
angle under which the object is seen by the unaided eye. 

In order to understand clearly the way in which the magnified 
image is produced by means of the telescope, the student should make 
:i diagram for himself on the lines shown in Fig. 48. Parallel rays 
from the distant object are drawn meeting the object glass under 
an angle 6. The ray BI passes through the optical centre of the O.G. 
and is therefore undeviatcd; the ray AI is parallel to the axis. Where 
these two rays intersect, the image I (of the distant object) will be 
formed. This image is at the focus of the eyepiece and therefore the 
ray AI, if continued on parallel to the axis, will, after passing through 
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the eyepiece lens, intersect the axis at the other focal point of the 
latter, and all other rays passing through 1 will emerge parallel to 
this direction. The virtual magnified image seen through the tele- 
scope will be seen under the angle #•', which may be expressed as 
li'/i BI , where W is the height of the image at I. 

The angle under which the object is seen directly by the eye alone 
is (neglecting the length of the telescope) //' i, li: . 

Hence, the magnifying power 

_ " !r.r _/oo 
" 7oo /hi- 

Magnification — Direct Determination. 

Use the telescope as ahead}' set up, observe through it with one 
eye a distant vertical scale (see Fig. 55) whilst with the other rye- 
view the scale directly. Note how many divisions of the scale, seen 
by the unaided eye, are covered by a single division as seen through 
the telescope. The number of divisions thus seen in the space of 

n Object 

gloss 




^> A 

C 'exit- 

pupil 



Ground 
|loss 

screen 



Fig. 49. 
Raj Path for Formation of Exit-Pupil. 

one magnified division is equal to the magnifying power of the tele- 
scope. Compare this result with the calculated value of the magnify- 
ing power obtained by dividing the focal length of the O.G. by that 
of the eyepiece lens. 



Determination of the Magnifying Power from the Diameters of the 
Entrance- and Exit -pupils. 

Illuminate the O.G. with diffused light, by placing a frosted lamp 
close to it. Place a ground-glass screen in one of the optical bench 
fittings, and receive an image of the O.G. aperture projected by 
the eye-lens, on to it. Measure the size of this image with a milli- 
metre scale, using a hand magnifier to help in observations. Also 



40 



Practical Optics 



measure the diameter of the O.G. (with a pair of dividers). Then, 

c ■ diameter of entrance-pupil 

Hie magnifying power = - ,. . ' 

diameter of exit-pupil. 

The reason for this will be clear by referring to the diagram in 
Fig. 49. The exit-pupil A'B' (being an image of the object-glass 
Al! formed by the eyepiece) will be found by drawing rays from 
A and B passing through the optical centre C of the eyepiece lens; 
these rays will pass on undeviatod. And by drawing rays from A and 
B passing through the focus F; these will emerge parallel to the axi.^. 
Their intersection at A' and B' will give the position and size of the 
exit-pupil, and from similar triangles 
AB,/ab=/ 0o //,,,, (and A'B' = ab). 

From previous experiment / an // K |, = magnifying power. 

Therefore AB/A'B' = Magnifying Pmu .^Dmmeter^f entranc-e-punil 

Diameter of exit-pupil. 

Measurement of Field of View. 

Direct the telescope towards some distant wall (not less than 50 
yards away) and observe what positions on the latter just appear on 
the extreme edges of the field when viewing through the eyepiece. 
An assistant can mark these positions with chalk. By measuring the 
distance L apart of the chalk lines and the distance D of the wall from 
the O.G. of the telescope, the value I. 2D will give the tangent of the 
semi-angular field of view. 



>iece. 




Pro. 50 

l',:!ii of Kays in Galilean Tvp telescope. 

By determining the dianict- r of the diaphragm placed in the focal 
plane of the eyepiece and dividing this by the focal length of the 
object glass, this will also give the angular field, and may be used 
as .i check on the previous determination. 
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Galilean Telescope. 

Set up on the metre optical bench, a 4D. lens in a holder at about 
the middle of the bench. Receive an image of a distant object, 
produced by this lens on a ground glass screen. Put a- 10 D. lens in 
.i holder and place it on the bench between the O.G. and the groin. 1 
glass screen, at a distance equal to the focal length of the negative 
lens (namely, 10 cm.) from the latter. Observe the distant object 
through the telescope and adjust the position of the eye lens until 
the object is sharply in focus. Place a cover over the space between 
the lenses. This is now a simple form of Galilean telescope. (See 
Fig. 50.) 

Observe that: — 

(i) The image is larger than the object as seen directly, i.e., it 
subtends a greater angle at the eye. 

(ii) The image is erect and not reversed as in the case of the simple 
astronomical telescope. 

(iii) The eye must be kept close up to the negative lens, and that 
by moving the eye from side to side an extended field may be 
obtained, although its angular value remains constant. 

Au*il»ary 
positive lens 




Object gloss 

FlO. 51. 

Measurement <" Extl Pupil f»r Galilean Telescope. 

R< peat the same measurements with the Galilean telescope as 
mentioned before with the astronomical telescope, and tabulate the 
results. 

A diagram illustrating the manner in which the magnified image 
is formed in a Galilean telescope is given in Fig. 50. Magnification = 
Angle under w hich image is seen through telescope _ ft' ^ h'/f„ __ /,,.. 
Angle under which object is seen by unaided eye H h' i,„. (,,,, 
i he measurement of the exit-pupil, in the case of the Galilean 
telescope, has to be carried out in another way to that employed 
for the astronomical type, for the exit-pupil is virtual and lies OB 
the object glass side of the negative lens and not outside the 
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telescope proper. Fig. 51 illustrates the ray diagram for finding 
the position of the exit-pupil, in which one ray is drawn from 
A passing through the optical centre C of the negative lens, and a 
second ray from A passing through the focus F. This latter ray will 
emerge parallel to the axis and if projected back will intersect the 
former ray at A'. To measure its size place a positive lens at F 
equal in focal length to CF, and arrange a ground glass screen to 
receive a real image of the exit-pupil. This image will not necessarily 
be of the same size as the exit-pupil, but the diameter should be 
noted; and having determined afterwards the magnification given by 
the auxiliary positive lens with the ground glass screen at the same 
distance as used in the experiment, the- true size of the exit-pupil may- 
be obtained. 

Huygenian Eyepiece. 

This form of eyepiece is employed in many sighting instruments 
which are used for observational work, chiefly on account of the 
absence of colour fringes to the image in the outer parts of the 
field. In other words this eyepiece suffers less from chromatic differ- 
ence of magnification than other forms. The eyepiece consists of two 

Diophrogm.-^ 
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Huygenian Eyepiece Mod.-: 



plano-convex lenses, the field-lens having approximately twice the 
focal length of the eye-lens, with a separation equal to one-and-a-half 
times the focus of the latter. 

A model of this can be made up by employing two spectacle lenses 
of f 6D. and + I2D. arranged in holders on the optical bench and 
separated in distance by 12-5 cm. (See Fig. 52.) At the focus oi 
the +12D. (namely, 83 cm. from it) place the diaphragm of five 
eighths inch diameter aperture. The telescope objective (i.e., the 
+ 2D. lens previously used) should then be placed on the optical 
bench and adjusted so that its focal plane lies in the plane of the 



diaphragm. In this way one can observe the appearance of some 
distant test-object and compare the results given by this telescope with 
those given by the telescope with one eye-lens only. The effect of 
the field lens (the +6D. lens) may be clearly seen and it will be 
noted that the exit-pupil moves up much closer to the eye-lens and 
thus facilitates the location of the eye, whilst at the same time its 
size has been changed. 

Ramsden Eyepiece. 

In this type of eyepiece, field-lens and eye-lens have similar focal 
lengths, but are separated by a distance equal to seven-tenths of 
the focal length of either lens. Set up two +7 D. lenses and space 
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Fra. 53. 
Model c.i Four Lens Terrestrial Eyepiece (Raj Diagram). 

them by a distance -7 lOx (14-3 cm.) = 10 cm. (This will give the 
same power of eyepiece as the Huygenian.) Place the diaphragm 
on the bench and adjust it so that it appears sharply in focus when 
looking through the eyepiece system. Again put the -2D. object- 
glass at the other end of the optical bench and focus a distant object 
on to the diaphragm. Note the position of the exit-pupil in relation 
to the eye-lens, also its size and observe that the focal plane of the 
complete eyepiece i> outside the lens system, whereas with the 
Huygenian type it is between the lenses. 

Four-Lens Terrestrial Eyepiece. 

The introduction of a two-lens erector placed between the object- 
glass and eyepiece of a telescope is one way of converting the astrono- 
mical form into the terrestrial type of instrument. The principle of 
this so-called four lens eyepiece can be conveniently illustrated on 
the optical bench and the arrangement of the lenses will be seen from 
Fig. 53. The inverted image of some distant object is first formed 
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on the ground glass screen at I by the -i 21). object-glass. The 
erector in most cases consists of two lenses of similar focal length 
and separated by a distance equal to one-and-a-half times the focal 
length n( either; whilst the image 1 is situated at a distance of one- 
half the focal length of either lens of the erector in front of the first 
lens; so thai we may make up a working model by placing two + 10 D. 
lenses in their holders on the optical bench, separating them by 15 cm. 
and arranging the front lens of the erector to be 5 cm. from the Imagi 
plane I. Then in two more holders set up the Huygenian eyepiece 
(already described), with its field-lens 12-5 cm. from the rear lens 
of the erector. Now return to the erector system and proceed to insert 
between the lenses a diaphragm, the position and size of which is 
important; to determine this, illuminate the whole area of the object 
glass by means of a diffuse source of light and find the position of a 
ground glass screen placed between the erector lenses so that a sharp 
image of the O.G. is formed on the latter. Record the position on the 
bench and measure the diameter of the image, which will be found 
to be about 7 mm. Remove the ground-glass screen and replace it 
by a diaphragm with the above diameter hole in it. The terrestrial 
telescope is now complete and by viewing through the instrument, the 
image of distant objects will be seen to be correctly erected and 
reversed. 

Reflecting Telescope. 

In order to illustrate in practice the principle of the reflecting 
telescope, the Newtonian form of this instrument may be set up with 
the aid of the optical bench, as this is easier to demonstrate than the 
'.rcgorian or Oasscgrain types, which require an opening through the 
main mirror. 

Fig. 54 shows the arrangement of the optical parts: M is a surface- 
silvered mirror of about 40 cm. radius. Strictly this should be of 
parabolic form, but for small apertures a spherical mirror will be 
found quite satisfactory; and, indeed, a silvered concave spectacle lens 
mounted in one of the fittings may be utilized for this purpose. At 
about 17 cm. from the mirror is mounted a small diagonal plate P 
(surface-silvered) to reflect the convergent beam out at right angles 
to the eyepiece which observes the image at I. The whole may then 
be directed towards a distant object and used as a complete telescope. 
The improvement in the chromatic aberration will be noted whin 
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compared with the model telescopes made up with a single lens utilized 
<ct glass. 

Measurements on Manufactured Telescopes. 

Whilst the foregoing experiments in this chapter are intended to 
illustrate the broad principles of the telescope, the measurements and 

M 




Fie. 5i 
Reflecting Telescope. 

tests ; ji i the commercially manufactured instrument may need slight 
modification from those already described. 

To this end, therefore, it is desirable in the first place lo have 
suitable test-objects set up at a convenient distance (e.g., about 100 
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I- ii,. 56. 
i ipi ii Field Objects i^r Telescope resting. 

yards) from an open window at which the observations are made. 
Fig. 55 shows a suggested form of such test objects which have proved 
satisfactory in practice. A horizontal white board with black lines 
at intervals corresponding to degrees of angular subtense, will be 
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useful for the determination of the angular field of view of telescopes; 
whilst an arbitrary vertical scale will be found best for the estimation 
of magnification. Black letters on a white ground, radial lines, and 
a broad white band on a dark background (all illuminated by day- 
light from mirrors at the back) serve as definition tests relating to 
spherical aberration, astigmatism and chromatic aberration respect- 




Fig. 5fi. 
Alt-Azimuth Mount for Telescope resting. 

ively. Resolving power tests may be carried out qualitatively by 
means of the squares, triangles and circular holes of decreasing sizes, 
and quantitatively by a glass plate (having alternate light and dark 
stripes) which can be rotated about its mid-point R. A black pointer 
on a white ground is suitable for tests on the so-called collimation 
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of telescopic sights, and a mercury bulb reflecting the sun's image 
serves well as an artificial star for testing the aberrations of the lenses. 
It is advisable to have a rigid form of support for holding the 
telescope to be tested; this may consist of two V brackets attached to 
a suitable altazimuth mounting illustrated in Fig. 56. 

Magnification — Direct Observation. 

Having directed the telescope towards the vertical scale of the open- 
field test objects (Fig. 55), the image seen through the instrument is 
arranged to be superimposed on the scale divisions seen directly with 
the other eye. By counting the number of the latter covered by 
(say) one division of the magnified image of the scale, will give the 
magnifying power of the telescope. 

This simple method sometimes 

presents difficulty to the observer due 

to i liability of superimposing the two 
images, although this is generally 
possible after a little practice. How- 
ever, an alternative method is to use 
a device shown in Fig. 57, which 
consists of a plane glass reflector K , , 
and a silvered reflector R. ; , arranged 
to be fitted over the end of the telescope eyepiece. By this means 
one eye alone can see the image of the scale through the telescope and 
simultaneously the unmagnified image; by a slight rotation of R., coin- 
cidence of any two lines may be made and the magnification read off. 

Magnification — Entrance- and Exit-Pupil Method. 

The telescope may be supported in a vertical position over an 
illuminated white surface, and the exit-pupil observed with an eye- 
piece in the focal plane of which is mounted a scale divided in tenths 
of a millimetre. The diameter of the exit-pupil can thus be measured 
and this value divided into the measured diameter of the object-glass 
will give the magnification of the telescope, provided the whole 
diameter of the O.G. is being utilized. In order to check this latter 
point, a millimetre scale on glass may be held in contact with the 
front of the object glass and the exit-pupil observed where an image 
of this scale will be seen; the effective diameter of the O.G. can thus 
be measured. 
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In place of the scaled eyepiece a travelling microscope may be 
employed, and indeed this is advisable if attempting to measure the 
diameter of the exit-ptipii of a telescope fitted with a concave eye 
piece (e.g., a Galilean binocular) for the exit-pupil can only be 
focused by using a fairly low-power objective in the microscope as it 
lies on the internal side of the eyepiece. 

Exit-pupil. 

The diameter of the exit-pupil given by the instrument is "f import- 
ance; for the brightness of the image with respect to that ol the 
object is dependent on the area ol the exit-pupil and the area of the 
i\ (--pupil. The iris diaphragm of the human eye varies in diameter 
according to the external illumination; for example, in bright sunlight 
it may In as small as two millimetres and in dull weather approxi- 
mately four millimetres; whereas al night it may be as large as eight 
millimetres in diameter. As the area of a circle^irr 2 , it will be set □ 
that the light-gathering power of the eye is sixteen times greater for 
night-vision than for day-vision. Consequently, a telescope intended 
for ni.uht ose should have an exit-pupil of at least 8 mm. in diameter, 
whilst for average day use 3 lo 4 mm. is advisable. If the exit-pupil 
is smaller than the eye-pupil opening for any given conditions of 
illumination, the object would not appear as bright as the object seen 
directly by the unaided eye (neglecting losses due to absorption and 
reflection by the optical parts of the instrument). Thus, the ratio 

of brightness of the image to that of the object=— "' ! X!l i ,u P lL 

area of eye-pupil 

Angular Field of View. 

If the telescope is set up on th? altaamutD mounting and dire, ted 
towards the field-object horizontal scale already calibrated in angular 
divisions, the field of view (real) may be read off by observing the 
positions at which the diaphragm of tin eyepiece appear to cut the 
scale. (For a magnification of times 5, the field is generally .it Un- 
order of five degrees, whereas for limes 25, the field may be reduced 
to about one degree) . 

The apparent field of view is obtained by observing where the 
virtual image of the eyepiece diaphragm appears to cut the open field 
as seen with the other eye open. Having noted the two positions 
where this occurs, the angular separation of the latter is measured 
. [tfaer by a direct reading off the -rale or by setting the cross-line 
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of the telescope in turn on these two points and reading the angular 
amount off the azimuth scale. The apparent field should be equal 
to the real field multiplied by the magnifying power of the instrument. 

Types of Telescope Objectives and Eyepieces. 

The chief forms .if telescope objectives likely to be met with in 
practice are depicted diagrammatically in Fig. 58. The most usual 
form still encountered (originally designed by I-raunhofer) consists 
oi a double-convex crown lens and a concave flint lens with nearly 
plane last surface. In this objective the primary chromatic aberration 
and spherical aberration is corrected and the lens is practically free 
from coma. 
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i ■. pes .:i Ti loscope I objectives. 

The type in which the flint lens is situated in front is dm to 
Steinluil. Slightly steeper curves are required for the surfaces, but 
the removal ol the aberrations can be carried out to much the same 
degree as in the Fraunhofer type. 

In the Gauss form, the crown lens is in front, but the contact 
surfaces do not have similar radii. This permits ol a greater degree 
of freedom in the removal of the aberrations, for example, such a l< :is 
can be corrected for spherical aberration for two wavelengths. 

With the three lenses of different glasses utilized in the Cooke type 
Of objective the chromatic aberration may be corrected for three wave- 
lengths with a consequent reduction in the secondary spectrum. 

For a fuller appreciation of the methods of designing such lensi S, 
a closer study of the detail of such processes must be made. A- an 
aid to this A. E. Conrady's book on " Optical Design " will be found 
useful, but a more complete knowledge can only be attained by 
experience of the actual computing work involved. 



30 



Practical Optics 



In connection with eyepieces which arc most commonly found in 
commercially-made telescopes, the well-known Huygenian and 
Ramsden types (already described) still hold their place, although 
the former is more generally employed on account of the small 
chromatic difference of magnification inherent in this type. For 
higher-power eyepieces and when wider fields of view are required 
it is necessary to employ rather more complicated systems, such as 






to) 



Fie. 89. 
Achromatized Eyepieces, 



(c) 



those indicated in Fig. 59. Type (a) is the Abbe orthoscopic eye- 
piece, whilst (b) and (c) are two forms of the achromatized Ramsden 
eyepiece. The previous remarks relating to the design of the object- 
ies also applies to these lens systems. 

Definition Tests. 

The optical performance of a telescope is necessarily of primary 
importance, but the judging of the quality of definition given by the 
instrument is not always an easy operation and depends largely on 
the experience of the observer. For example, highly trained men 
can tell (by directing a telescope towards a set of objects similar to 
tho«o shown in Fig. 55) whether the instrument is giving " first 
quality " definition or not and also in many cases they can tell what 
is the cause of inferior definition should this be manifest; this judge- 
ment may be facilitated if an auxiliary telescope (giving an excellent 
performance) is kept as a standard of reference and mounted along- 
side the instrument under test so that alternate observation can be 
made and the results compared. 

For less-trained observers, however, the star-test will afford an 
easier means of both testing the optical performance and determining 
the nature of the aberration if the instrument is defective. 

This test consists in directing the telescope towards an artificial 
star and in examining the expanded out-of-focus image on both sides 
of the best focus. The artificial star may consist either of a steel ball 
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illustrating Spherical Aberration. 
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reflet dllg BE image of the sun or of a minute hole suitably illuminated 
in a dark corridor, i Methods for producing various forms of artificial 
Star have been described by the author in the Optician, February, 
1925, Vol. 69, No. 1769. pages 5-7). 

The defects which may be present in a telescope objective are 
(i) chromatic aberration 
(ii) spherical aberration 
(iii) coma 
and (iv) astigmatism. 

A two-lens achromatic objective (intended for visual work) is 
generally designed so that the red ((' line) and blue (F line) arc 
brought to a common focus, whilst the focus for green light is found 

irer to the lens; consequently the expanded images of a white star 
would show (within the focus) a purple outer ring with a green centre 
and a green outer ring and purple centre outside the focus. An 
apochromatic objective — in which red, green and blue are brought to 
one focus — would show a white circular patch on each side of the 
focus. 

For the examination of the lens for the presence of spherical 
aberration a monochmmatic star may be used (preferably green). 
By referring to Fig. 60a (which is a grossly exaggerated diagrammatic 
illustration of the union of the rays in the image foimed by the 
objective) it will be seen that if the rays from all parts of the objective 
coincided in one point (i.e., freedom from spherical aberration), the 
appearance of the circular patch of light on each side of the best focus 
position would be similar. 

If, on the other hand, appearances are seen resembling those in 
Fig. 60 (b) and (c) "under-corrected" or "over-corrected" 
spherical aberration would be indicated respectively. 

The defect, known as coma, is caused by oblique rays through the 
lens not intersecting on the oblique axis pr (see Fig. 61). I 
produces a flared tail to an otherwise circular image of the star and 
gives a distinctly unpleasant appearance to images seen at the edge 
<>( the field. Should this aberration be present in the centre of the 
field it is more serious and should not be tolerated; it may be caused 
by a tilting or a lack of centering of one or both the components 
of the objective. 

Astigmatism is also an aberration due to oblique rays and may 
be caused by such rays in meridians at right angles to one another 



coming to a focus at different distances along the oblique axis. For 
instance, in Fig. 62 the rays in a vertical plane may come to a focus 
at a point A, whilst those in a horizontal plane at a point B. This 
would result in focal lines being formed at these positions and a 
circular disc of least confusion at C. The expanded images would 
show elliptical patches of light and this is a characteristic indication 
of astigmatism. 

Squaring-on Test. 

The optical performance of a telescope objective may be impaired 
by its incorrect mounting in the telescope tube; for example, both 



coma patch 
grossly ojcaggcratca 



Fro. 61. 

Illustrating Coma (Diagrammatic). 

coma and astigmatism may be caused by the optical axis of the O.G. 
not being co-linear with the axis of the tube. A device for checking 
this is shown in Fig. 63 and consists of a tube T (which fits well 
in the eyepiece tube of the telescope), a polished diagonal plate I' 
and a pinhole H. If the device is now placed in the telescope eye- 

Horijonfcol 
line focus 








Fro. 62. 
lUnstrating Astigmatism (Diagrammatic). 

piece tube and the diagonal plate illuminated by a diffuse source 
of light, virtual images of the illuminated plate (in the form of an 
annulus of light) will be seen reflected in the various surfaces of 
the objective at the other end of the tube. As the fourth radius 
of many objectives is usually a very long one (and sometimes flat) 
the reflected image from this surface appears approximately the same 
-'■■/.. as the object, and if properly squared-on would look somewhat 

c 
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as indicated in Fig. 64a. But if not squared-on the image would 
appear as in Fig. 64b. By tilting the lens the appearance (a) may 
be restored. Having secured this condition, the virtual images from 




Fig. 63. 
Squaring on Eyeptec* . 

the other lens-surfaces may be looked for; these are generally much 
smaller (as they are produced by reflection from relatively steeply 
curved convex or concave surfaces) and if the lens-components art- 






lb) 

Fig. 64, 

Appearance* scon with Sqoaring-on-Test. 

properly centred, the images should all appear concentric, as shown 
in Fig. 64c. 

Stray Light Tests. 

The presence of stray-light in optical instruments may affect their 
performance considerably, chiefly on account of the lack of contrast 
produced in the image. For example, light scattered and reflected 
from the walls of a telescope may not enter the eye when the instru- 
ment is used in daylight [i.e., when the iris of the eye is about 3 to 
4 mm. in diameter), but in fading light or in darkness when the 
pupil is expanded to perhaps 8 mm. diameter, such stray light will 
often cause troublesome effects, amounting sometimes to inability 
of picking up distant objects owing to lack of contrast in the field. 

A convenient way of testing this defect is to direct the instrument 
towards an illuminated diffusing screen on which is mounted a 



circular black patch of opaque material (see Fig. 65). Its diameter 
and distance from the telescope object glass should be such that the 
exit-pupil of the instrument is just " blacked-out " when viewed 
with a hand magnifier. 

Any stray-light or ghost images will be apparent by observation 
of the exit-pupil in this way and may, if desired, be photographed. 
Fig. 66 shows sudh a photograph and illustrates how serious this 
defect may be in a prismatic binocular. 
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Fio. 65. , „ 

In.. 66. 

Exit-Pupil <>f a Prismatic Binocular 

photographed ami enlarged showing 

Stray and Scattered Light. 

The proper use of screening the prism edges and the adequate 
employment of diaphragms will help in the removal of reflected light. 

Test for Strain. 

It is of importance that none of the optical parts of a telescope 
■ in should show signs of being strained, for otherwise the defini- 
tion of the instrument may be impaired, sometimes producing a 
doubling of the image if the strain is severe. Strain can quite un- 
wittingly be produced by clamping a lens too tightly in its cell, for 
example, or a prism in its support. It is important, therefore, to 
avoid such distortion of the glass surfaces. 

Consequently, the various components (lenses or prisms) in their 
mounts or the completely assembled instrument are examined in 
polarized light, when strain will be revealed by the presence of light 
patches or sometimes even colour in an otherwise dark field (i.e., 
when polarizer and analyser are " crossed "). 
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A suitable form of polariscope may be made up by utilizing a 
reflecting surface (at the appropriate angle) as polarizer and a Nicol 
prism as analyser. (See Figs. 67 a and b.) 

(«) A component ol 

ihc Optical System 
e.g.. the Objective- 



It) A complete [n 

strunienr. e.g., u 

' Prismatic Binocular 



gf- .. I £ * V Instrument 
' X.U-l3ti under test 

?/ / I 7) >>/??, 
Pdonser 

FIG. 67. 

Examination of Optical 1'arts iii I'olarisecl Light. 

It is of interest to examine in the polariscope a number of lenses 
in their mounts, especially those which may be held in their cell- 
by spinning the metal over the glass work. Should there be the 
slightest trace of colour visible or even a dark cross on a light field, 
this should not be tolerated. Only regions of dull grey should be- 
permitted to allow a lens through this test. 

Resolving Power. 

Resolving power may be defined as the ability of a lens system to 
reveal fine detail. It may be expressed as the angle which two jusl- 
resolved images subtend at the objective, or in terms of the minimum 
-i/i (i! object just discerible at a given distance from the lens. 

A very small distant object point viewed by a lens will give an 
Airy diffraction disc (see Fig. 68) at its focus. The diameter of this 

disc is given by — -J ~ - where A = thc wave length of the light; N' 
•\ sine •», 

is the refractive index of the medium in the image space (usually 
air, and therefore .V is equal to unity) U' m is the angle that the 
extreme marginal ray from the lens makes with the optical axis. 
Hence, the larger the diameter of the lens for a given focal length. 
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the smaller will be the Airy disc. It is now a generally accepted fact 
that two close image points will just be seen as two separate diffraction 
discs when their central separation is equal to the radius of the 

Airv disc. Calling this value, namelv, ,-. , . ,„ =h' in Fig. 69, the 

\ suit h 

resolving power angle 6 will be h'/f where /' is the focal length of 
the lens. From this il can be shown that the Resolving Power of a 
telescope objective is equal to 1-22A .1 where .1 is the full aperture of 
the lens. 

Two Airy refraction dioc s 
luOb fX6otv«d 



FlO. 68. 

Airy Disc. 





Fig. 69. 






For a one inch diameter objective, this angle 6 is of the order of 
6 seconds of arc, whilst for a 100* telescope the angle 6 is slightly 
less than 01 second of arc. These angles correspond respectively to 
about one inch at a thousand yards, and 127 yards at 240,000 miles 
(e.g.. the distance of the moon). A convenient way of obtaining a 
numerical value for the resolving power of a telescope is to direct 
the instrument towards an object consisting of alternate clear and 
opaque stripes (in effect a course grating) illuminated by daylight 
from behind (as indicated in Fig. 55) and then to rotate this grating 
about an axis parallel to the lines until the latter cease to be visible. 
Thus the object interval when resolution ceases will be the known 
separation of the lines multiplied by the cosine of the angle through 
which the grating has been moved. 

The experiment may be carried out either in the form of an open- 
field type of object or in the laboratory, where a long corridor is 
available. The set-up of the apparatus can be arranged as indicated 
in Fig. 70, the telescope viewing the grating object via the plain 
mirror M. The purpose of the latter is to allow the grating to be 
near the observer so that he can rotate it himself whilst observing. 
The mirror M may be of good quality plate (silvered on the back) 
about 12 in. square, and if the distance D is 100 yards the size of 
the grating G would require to be approximately 3 feet by 2 feet. 
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Such an object area may not occupy the whole angular field of the 
telescope, but this is not essential as it is only in the centre of the 
field where such a critical test as resolving power would be made. 
The grating itself may be produced by painting black stripes (utilizing 
a stencil for doing this) on a piece of plate glass of the size already 
indicated, making the clear spaces equal in interval to the opaque 
portions. 

Grating (rotatable) 



Plone mirror 
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Tcleacope 



Fie. 70. 
Resolving Power Test for Telescopes. 

For objectives of one inch aperture and at a distance 2x/> — 200 
yards I he strips would require to be one fifth of an inch wide, whilst 
for a two inch diameter lens the strip width would have to be of 
the order of a one tenth of an inch. 

As the grating is also rotatable, the apparent separation of the lines 
may be decreased until resolution ceases. 

If the experiment is to be carried out in a corridor indoors with the 
object at a much closer distance (e.g., /? = 25 yards, say) one can 
use a piece of Process Screen (6in. square), having 50 lines per inch 
on it. This mounted on a rotating table, such as a spectrometer 
circle, would serve the purpose well. 

Such an experiment is an excellent one, more especially if an iris 
diaphragm is fitted over the objective of the telescope, so that the 
resolving power may be measured for successive apertures of the 
lens .ind 1 In -i- iv-ul!.- plotted. 



Necessary Power of Eyepiece. 

In order to do justice to the resolving power of the telescope 
objective it is necessary to render visible to the eye the smallest image 
interval given by the O.G. This is done by using the appropriate 
power of eyepiece. For example, the resolving power angle for a 
one inch diameter objective would be 1-22 x AM = 1-22 x 0000022"/ 1" 
=0-000027 radians, and if its focal length is twelve inches, the value 
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for the smallest image interval k' in Fig. 69 will be 12 > 000027 = 
00032 inches. 

This distance viewed by the unaided eye at its " near point " 
would subtend an angle of 000032/10 radians, but as the limiting 
angle for normal Visual Acuity is one minute of arc (or 00003 
radians) , the necessary power of the eyepiece must be 00003/0 000032 
= 10 times (very closely). 

And as the magnifying power of an eyepiece may be taken as 

Distance of distinct vision, ,, > . . -. .„ , 

—= n r— t : the eyepiece focal length will be one 

Focal length of eyepiece 

inch. For slightly more comfortable vision it may be necessary to 

use a two minute Visual Acuity angle, in which case the eyepiece 

would have to be x 20 or 0-5 inch focal length. The following 

table (I) may be found useful: — 

TABLE I. 



Thkukkticai. Resoi.vinc; 

POWER. 


NBCBSSAIty PowEK of Eyepiece. 


Diametei 

of Object- 

< llass. 


o - 1-22 1 

Angle 6 in 

radians. 


Object in- 
terval just 
resolved at 
one mile. 


(Assuming Visual Acuity of 1') 

for telescope working at 

F/10 /-/15 


1" 

2" 
3" 
4" 
6* 


0000027 

0000013 

00000089 

00000067 

OOOOO044 


1-70" 
0.85" 
0-57' 
0-42" 
0-28" 


xll 

x22 
x33 
x44 
x66 


x75 
x 15 
x 22 5 
x30 
x 45 



Binocular Telescopic Instruments. 

The chief advantage of the binocular telescope over the monocular 
type, is that both eyes can be employed for observation and tin 
consequent stereoscopic power of the eyes maintained and in certain 
cases enhanced. Moreover, by the use of prisms in the two tele- 
scopes the effective length of the instrument is reduced, making il 
more compact; whilst at the same time providing a means for erecting 
the image. 

The stereoscopic range for normal binocular vision of the unaided 
eyes varies from the Near Point (namely, ten inches from the eyes) 
up to approximately 350 yards. Beyond this distance, it is difficult 
to decide (for example) whether one object (similar in size to the 
other) is nearer or farther from the observer, except only by our 
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previous experience and knowledge of the size of such objects. An 
interesting experiment may be carried out to determine the minimum 
distance 8 (see Fig. 71) between two objects placed in front of one 
another, it is possible to detect for various distances R. Three rods, 
A, B, C (in Fig. 71) of the same diameter are screened so that only a 
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1-Hi. 71. 

Stereoscopic Range for Binocular Vision. 

limited portion of them is visible to the observer through a rectangular 
aperture. The centre rod B is moved either in front or behind A and C 
by an assistant whilst the observer at a measured distance (say 50 
yards) signals when he can just detect that B is in front or behind 
A and C. In this way, taking a number of settings, a value for 8 
may be obtained for distances of It equal to (say) 10, 20, 40, 80 
and 160 yards. 
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V\G. 72. 
Angular Accommodation TeM . 

Fot a binocular telescope, the limit of the stereoscopic range may 
be taken as It x M xO/E) where 

It is the limit of the stereoscopic range for the unaided eye (i.e., 
350 yards) , 

M is the magnification of either of the telescopes, 

O is the distance apart of the. object-glasses 
and E the distance apart of the eyepieces. 
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For example, if we take a prismatic binocular with O equal to 
180 mm., and E equal to 65 mm., and a magnification of x 6, the limit 
of stereoscopic range for such an instrument would be 4,200 yards; 
whilst the value for 8 (Fig. 71) at 500, 1,000 and 2.000 yards would 
be 9, 35 and 140 yards respectively. 

Angular Accommodation. 

The use of binocular instruments requires that the two optical axes 
of the telescopes should be set to within certain limits, otherwise 
strain on the eyes will be imposed in attempting to fuse the two 
images. Such limits are decided by what tolerances can be permitted 
by a change in axis direction of the unaided eyes, or "angular 
accommodation " as it is sometimes called. 




Fig. 73. 
Inclination of Telescope Axis. 

An experiment to illustrate and determine these tolerances can be 
carried out by viewing a distance object (e.g., one of those depicted 
in Pig. 55) with both eyes and then interposing in turn various small- 
angle prisms* in front of one eye. In this way the angular deviation 
/3 (Fig. 72) may be gradually increased until it is no longer possible 
to fuse the two images.. This should be done when the apex of the 
prism is pointing inwards (as in Fig. 72), giving induced convergence 
of the two eyes; secondly, with the apex pointing outwards, giving 
divergence of the axes, and thirdly when the apex is pointing upwards 
or downwards. The limiting value of /? for the above conditions 
when combination of the two images becomes difficult, will vary 
amongst a number of observers, but the results of a large number of 
tests seem to indicate that for a normal person the safe limit to 
impose on the induced angle of accommodation is:— 

Horizontal convergence /3 = 2° 18' (i.e., 4 prism dioptres) 

Horizontal divergence ,8=1° 9' (i.e.. 2 „ ) 

and Vertical vergence /9 = 34-5' (i.e.. 1 prism dioptres). 

A selection of such prisms may be. found in a go*xl quality spectacle trial 
case varying from I to 10 dioptres. 
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The importance of the foregoing facts has a bearing on the 
construction and adjustment of binocular instruments; for, whilst in 
practice perfect parallelism of the two telescope axes may be unattain- 
able, the eyes will be able to adjust themselves to give a single 
impression of the object observed, provided the error of parallelism 
of the axes does not exceed a certain amount. The relation between 
this amount and the angular accommodation limit of the unaided 
eyes can be deduced in the following way. 
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Fig. 74. 
Principle of Apparatus (or 'listing Axis Parallelism of Binocular Instruments 

(Diagrammatic). 

Let the inclination of the telescope axes be z (Fig. 73) and M their 
magnifying power. Then the emergent beam from the eyepiece will 
be deviated by Mr. Therefore the deviation ft from the parallel 
will be ft=Mr-r=r (M -I). Thus, if ft is the maximum angle 
through which it is safe to induce angular accommodation; then r (the 
angle between the telescope axes) is 

,_ P 

The following table gives the permissible error in parallelism of 
Ihc optical axes of the two telescopes for a binocular instrument, 
based on the values of ft given on page 61. 

TABLE II. 





Permissible error in Parallelism. 
(minutes of arc) 


Magnification. 


Horizontal Allowance 


Vertical 




Convergence. 


Divergence, 


Allowance. 


*3 
x6 
xlO 
*I2 


69' 
28' 
15' 
IS' 


34' 

14' 

8' 

6' 


\r 

r 

4' 
3' 
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Apparatus for Adjusting Binocular Telescopes. 

Various mechanical devices have been made for testing the parallel- 
ism of the telescope axes, but the main principle consists in having 
a collimator and telescope arranged so that they are co-axial (see 
Fig. 74) and adjusted so that the image of the collimator cross-line 

Mounts with 3" 'Capstan' screws 
for adjustment of cross- lines 
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Telescope 
(F-6"about) 

Pre. 75. 

coincides with the cross-line graticule of the telescope. The instru- 
ment to be tested is clamped firmly on to a suitable table, which is 
mounted on an accurately made cross-slide so that each half of the 
binocular may be brought in turn between the telescope and colli- 
mator. If the graticule cross-line of the telescope is marked with 
divisions corresponding to a known angular subtense at the object- 
glass (e.g., 3 minutes of arc), the error in parallelism of the axes 
(both lateral and vertical) may be read off direcUy. The instrument 
can then be adjusted until both errors are within the permissible 
tolerances. An alternative device is shown in Fig. 75, in which two 
parallel collimators are employed and the telescope is made moveable. 
A form of testing-bench which is more generally practicable, however, 
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is depicted in Fig. 76. which incorporates the advantages of both the 
foregoing examples; for by having both table and telescope moveable 
(as illustrated) a more varied type of binocular may be accommodated 
irrespective of the distance apart of the object-glasses or eyepieces. 
Rotation of Image. 
When testing prismatic binocular instruments on such a bench it 




Fig. 76. 
Binocular Testing Bench for Prismatic or Galilean Forms. 

may be noted that the image of the collimator cross-line appears 
rotated with respect to the telescope cross-line. This defect (some- 
times known as incorrect inversion) is caused by the two prisms of 

a Porro system (for example) not being 
at right angles to one another, as indi- 
cated in Fig. 77. The angular rotation 
of tlu- image will be just double that of 
the prisms, so that adjustment in this 
respect is critical; for rotational effects 
cannot be tolerated. 




Plan mw of 2 right-angled Prisms 
3S used in a Binocular showing 
an error 0' which produces 
bad inversion effect. 



Wide Field of View Sighting Telescopes. 

Most normal telescopes, having mag- 

j.- IO 77 nilications of from about twenty times 

to three times, usually have fields of 

view extending from one and a half degrees to about nine or ten 

degrees. In certain cases, however, it is necessary to have a larger 
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held, say. twenty degrees, and, moreover, in some kinds of work 
(e.g., in periscopes) such telescopes may be required to have long 
and narrow tubes into which the optical system has to be fitted. 
Other examples are the instruments used for examination of interna] 
parts of the human body, such as cystoscopes, for example. Whilst 
one cannot give, in a book of this size, the full optical details of each 
of these various instruments, the general principles of their con- 
struction may be understood from the following remarks. 

Referring to Fig. 78, an object-glass A (taking in the necessary 
angular field) forms an inverted image of the distant object in tin: 
plane of a field-lens B. The focal length of the latter is such that 
an image of lens A is formed on lens C. thus collecting all the light 

that enters the objective (e.g. if f B = '-A- and the distance AB = BC = 

2/„ this would serve). Lens C is an erecting lens of (say) the same 
focal length of lens B and with the distance BC = CD = 2/,.. thus 




b c 

I' I... 78. 
w'wii Angular Field Telescope. 

collecting all the light from lens B and giving an erect image of the 
distance object in the focal plane D of the eyepiece. If desired 
another lens could be placed at D and the general procedure "I 
forming an image of the preceding lens (in this case C) on to the 
next lens in the optical train, may be carried out to suit any desired 
length of the external tube of the instrument. 

It will be found helpful to illustrate this principle by making up 
a model on the metre steel rule optical bench and using spectacle 
trial case lenses. Although such lenses will not give such good 
definition as the properly corrected ones, the general principle and 
lay-out may be readily tried out. The following lenses will be found 
suitable: For lens A (Fig. 78) use a + 5D. lens; at a distance oi 
20 cm. from A place a+ 10D. lens in its holder and then another 
+ 101). lens at C, 20 cm. from B. The image of a distant object will 
then be formed at D 20 cm. from C and may be focused on a ground 
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glass screen. In place of the latter it is better to substitute an 
Huygenian eyepiece (a model of which is shown in Fig. 52) so that 
the image at D will now have a + 12D. lens at 8-5 cm. to the right of 
it and a +6D. lens (as field lens) 4 cm. in front of it. The whole 
model thus set up on the optical bench may be directed towards the 
distant angular scale and the image observed. By placing 4 cm. in 
front of the lens A a diaphragm having a hole (one third of an inch 
in diameter) a general correction in the whole lens-system will occur, 
with a consequent improvement in definition. Added interest will 
be given to the experiment, if lenses of • 9D. and -r 12D. arc sub- 
stituted in turn for the lens A and note taken of the increase in 
angular field of the instrument, but also of course the reduction in 
magnification. 

Another way of producing a wide-angle telescope system is to 
employ the optical parts arranged as in Fig. 79, which shows two 
Telescope I Telescope fl 




c Spacing bo suit 
(adjustable) 

KlG. 79. 

Another Form of Wide-Angle Telescope, 

telescopes placed with their object-glasses facing one another. The 
use of a reversed telescope (Telescope 1) with Huygenian eyepiece 
towards the object enables a fairly wide field of view to be taken 
in, which may be varied by substituting a different power of eyepiece. 
The magnification of the complete instrument will depend on the ratio 
of the focal lengths of objective D to objective C (providing the 
eyepieces arc of the same power) . As the light in the space between 
these two last named lenses will be " parallel," a suitable separation 
of the two telescopes may be arranged to meet the desired require- 
ments. For example, this optical system is sometimes employed for 
long periscopes having adjustable lengths, the latter corresponding 
to a change in space-length CD; the separation of eyepiece and 
objective in each telescope must of course remain fixed. When used 
as a periscope, the optical axis would be vertical and right angled 
prisms are mounted either between the lenses of eyepieces or just 
outside. 






It will be found instructive to make up a model of this instrument, 
and for this purpose we may use the steel optical bench as before, 
but one of two metres in length (as described in Chapter II). 
The spectacle lenses required would be two + 12D. and two +6D. 
lenses to make up the Huygenian eyepieces at either end of the optical 
bench. Lens C and D may be +2D. and + ID. respectively and 
should be arranged so that their focal points lie in the plane of the 
diaphragms in the eyepieces. The complete model (with exception 
of prisms which arc not necessary to illustrate the principle) can now 
be directed towards the distant angular scale when the ficld-of-view 
and magnification can be measured. One may then experiment in the 
possible variations of this system by altering first the focal lengths of 
the lens D; then by altering the separation between C and D and 
finally by substituting a higher or lower power eyepiece for lens 
combination AB. 

Variable-Power Telescopes. 

Under this heading is included telescopes which, as a self-contained 
unit, are able to vary their magnification, and not those which alter 
their power merely by the substitution of a different power of eyepiece. 

The principle of two of the more usual types involves that of 
interposing a moveable erector lens system between the image formed 
by the object-glass and the eyepiece. In one case the erector and 
eyepiece move in conjunction with one another by a suitable 
mechanical device so that the image always remains in focus; in the 
other case the eyepiece is kept stationary whilst the erector (con- 
sisting of two lenses) both moves as a whole and simultaneously 
alters the separation of the lenses in such a manner that again the 
image remains in focus. 

We can make up working models of these two types by resorting 
to the metre steel scale optical bench and the spectacle lenses. Using 
a + 3D. lens as object-glass placed at one end of the bench (Fig. 80) 
and directing the latter towards the distant test-objects, an image 
of these will be formed on a ground glass screen placed at 33.3 cm. 
from the O.G. At the other end of the optical bench the Huygenian 
eyepiece already described may be set up. As an erector lens, a 
+ I0D. can be inserted at 13 cm. from the ground glass screen, and 
if the latter is now removed the telescope thus produced will give a 
magnification which can be measured directly (as explained on 
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page 39. This will be found to be about x 12. If the +101). 
erector is then moved to a distance of 16 cm. from the position pre- 
viously occupied by the ground-glass screen, the eyepiece (as a unit) 

Eyepiece 
focol plona Erector 
of o.o, ) . (*'°°> 



object qlosa 
(* 3D) 



t-6D tea 
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VarwiliU -Power Telescope (Opticiil Bench Model). 

must be brought in from the end of the bench by 15-5 cm. The 
distant scale is again viewed and the magnification measured, whic'.i 
will be found to be approximately x6. 

Erector ( Cu » r ,oo .«,«.) Ej«P*ce. 



Jbjecl . 
glo»» (+3-D) 



1 



• 



-333- 



^Ai 



5 t 



• 40cmJ- 



I I 



Erector 



28 

o»i. 



H 



Fit;. 81. 

V iriable-l'ower Til< .(.'.^ — ('liangr in Separation of Erector Lenses 
(Optical Bench Model). 

The second type of variable-power telescope is depicted in Fig. 81, 
in which O.G. and eyepiece are separated by a fixed distance of 
83.3 cm. on the optical bench. The erector system (in model form) 
is made up by using two + 10D. lenses, being separated in one caa 
by 5 cm. and in the other by 20 cm., the distances of the front lens 
of the erector from the focal plane of the objective being indicated 
in the figure. The magnifications will be found to be x 14 and x4 
respectively. 
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N.B.— It may be advisable to insert a diaphragm having a hole 
of 0.3 in. diameter at the appropriate position between the two 
lenses of the elector in order to reduce the aberrations produced by 
the uncorrected lenses employed. 



CHAPTER IV 
THE MICROSCOPE 

The microscope is generally employed when we require to see an 
object or portion of an object which is too small to be seen by the 
unaided eye alone. We are immediately concerned, therefore, with 
the way in which the size of the retinal image can be varied. The 
apparent size of an object is determined by the size of its image 
formed on the retina of the eye, and although we have no scale on 
the retina to measure this directly it can be determined indirectly by 
measuring the angle which that object subtends at the optical centre 
(or nodal point) of the eye. Thus, in Fig. 82 the apparent size of 
the object h is represented by the visual angle 0, which can be 
measured by expressing it in the term //// (in circular measure). In 




Fig 82. 
Apparent Si/.<- of an Object. 

order, therefore, to see an object as large as possible with the unaided 
eye it is necessary to place the object as near to the eye as possible- 
compatible with distinct .vision, i.e., at the " near point." This 
least distance of distinct vision is now conventionally taken as 10 
inches or 250 millimetres for normal vision, and may be denoted as 
D,, in which case the maximum apparent size of our object h will 
now be h/D, (radians). 

Visual Acuity. 

It is interesting to attempt to measure the smallest sized object 
just visible to the human eye before calling in any optical aid. To 
do this, one can make (photographically) or obtain a number of 
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screens consisting of alternate opaque and transparent lines varying 
from 100 lines per inch up to 300 lines per inch, increasing by steps 
of, say, 40 lines per inch. If these screens are held in turn against 
a fairly brightly (10 ft.-c.) illuminated matt surface at ten inches 
from the eye, it will be possible to decide on which screen the lines 
are just visbile. Most observers find that they can see 260 lines per 
inch (or about one tenth of a millimetre) which corresponds quite 
closely to the accepted Visual Acuity angle of one minute of arc for 
the human eye. Some, however, find they can only see 140 lines 
per inch, which corresponds to a visual acuity of two minutes of arc. 

Magnification. 

Optical instruments which are used for magnifying an object, are 
means whereby the retinal image of the object is increased and the 
ratio of the size of this image to that of the object seen directly is 
termed the magnifying power of the instrument. This may be 
written: — 

visual angle of image seen with 

Magnifying power of instruments instrument 

visual angle of object seen directly 

Hand Magnifier or Simple Microscope. 

If a small object is placed in the focal plane of a short-focus lens 
which is held in front of the eye, a magnified virtual image of the 

<°> (b) 
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object is seen. This image is seen apparently at an infinite distance 
(see Fig. 83a). If the object is placed just inside the focus the visual 
image can be formed in a plane at a distance D,= 10" (see Fig. 83b) . 
The inclination of the principal rays (pr) leaving these lenses and 
entering the eye. decides the angle 6 under which the final image 
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is seen and therefore 6 is dependent on hjj in one case and h/« 
in the other. 

Hence the magnification (case a) = , . n - = D,jj 
and in case (b) magnification = yjfy- — ^»/ w 

(where "H1 //+010) in inchcs) - 

Hut as the distances / and h do not differ widely the magnifying 
power of the hand lens does not change greatly, whether the virtual 
image is formed at infinity or at the " near point." That there is a 
slight difference, however, will be manifest by the following Table 
111. and if accurate measurements are required the magnification at 



Principal 





Fig. 84. 
Scaled Eyepiece. 



Fig. 85. 



the distance I), should be taken; for in microscope work a standard 
distance (at which the image is to be formed) must be fixed, and 
this is quite naturally taken as 10 inches from the eye on account 
of the fact that the object appears as large as possible at this distance 
before optical aid is sought. 

TABLE III. 







Magnifying Power. 


I'ocal 
Length. 


Object Distance when Image 
is formed at D r . 


Image lit D,. 


Image at \. 

M = Drll. 


2" 

1" 

0-67" 

0-5* 

0-4" 


1 67" 
091" 
0-625" 
0-48" 
0-38" 


x6 
-.< 11 
x 16 
x21 
x26 


xo 

xlO 

xl5 

x20 

x25 
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There are many and varied types of " simple microscope " to be 
obtained. First, there is the ordinary hand magnifier mounted in a 
suitable handle and intended for general observations on almost any- 
kind of object; many of these consist of single lenses, although most 
modern types are corrected for chromatic and spherical aberration and 
are expected to have a fiat field. The latter type arc frequently 
mounted above a microscope stage and used for dissecting work. A 
further application is to mount a glass scale (usually 10 mm. divided 
into 100 parts) in the focal plane of the magnifier so that the scale 
lies in the same plane as the object, which is illuminated by a plane 
glass reflector (see Fig. 84). 

In order to obtain the magnifying power given in the last column 
of Table III, a knowledge of the focal length of the lens is necessary. 
To determine this, an object (consisting of a piece of white card 3 feet 
long held against a dark background) may be set up at a distance of 
about 10 feet from the eyepiece. The reduced image k' (Fig. 85) of 
this is observed and measured by means of an auxiliary eyepiece 
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having a glass scale in its focal plane (as described above). By 
measuring up the distance ./, the three quantities h, h' and (/ will 
be known, from which the focal length / can be found; for from the 
figure jjh'^dlh. Alternatively, the focometer (mentioned on page 
35) may be employed for this measurement. 

A direct method for obtaining the values in column three of 
Table III. is to utilize two millimetre scales on white celluloid, setting 
up one at 10 inches from the left e.ye and observing the other scale 
with the magnifier (see Fig. 86) and right eye. By suitable adjust- 
ment the virtual image seen by the right eye can be seen super- 
imposed on the scale seen with the left and the magnification read 
off directly. 

Compound Microscope. 

The formation of the image seen with the compound microscope 
will be understood from the ray diagram of Fig. 87. The objective 
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projects an enlarged inverted image h' of the object h, thus giving 
a primary (linear) magnification of 

V h=g/!„ so that li' = /uf//.. . . (1) 

The distance g between the adjacent focal planes of the objective 
and eyepiece is known as the optical tube length. Thus the 
" primary magnification " 

.... _ optical tube leng th 
' ' - focal length of objective. 
The image K is viewed by an eyepiece of focal length, say /„, and 
the resultant virtual image is seen at an infinite distance or at any 
distance between infinity and the " near point " (i.e., D v ) as desired. 



Objective 
PP 



Ofticol tube length 



Eyepiece 




PlO. 87. 
Compound Microscope — Ray Diagram. 

In the former case, the angle under which the final image will be 
U is h'lU, which from (1) gives fcXjj/(/ d x/,). But if the object 
were viewed by the unaided eye at the normal distance of distinct 
vision 0„ it would be seen under the angle h/D r . Hence, the magni- 
fication of the compound microscope = 

(visual angle of i mage seen with instrument) 
(visual angle of object seen with unaided eye). 
hxglfoxf*) gxP, 

Alternatively, the total magnifying power of the microscope may 
be expressed as the primary magnification multiplied by the power of 
the eyepiece, the latter being that given in cither column three or 
four of Table III, depending on whether the final image is formed 
at D r or at -\. respectively. 

As a standard optical tube length of 160 mm. is now universally 
adopted, Table IV gives the nominal primary magnification for a 
range of objectives. 

It will be understood that the values for the total magnifying power 
obtained from the foregoing are nominal values and will serve for 
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most observational work. But should more accurate values be 
required, for example, when measuring the exact size of some object, 
it is necessary to measure both the primary and total magnification 
directly (as described later) . 

TABLE IV 



Pool Length of 


Primary 


i objective. 


Magnification. 


2" or 50 mm. 


3-2 


l" or 25 mm. 


6-4 


%" or 16 mm. 


10 


j" or 8 mm. 


20 


i" or 4 mm. 


40 


jJj" or 2 mm. 
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Optical Bench Model of Microscope. 

The principles of the microscope will be better understood by first 
setting up such an instrument on the steel rule optical bench and 
using thin spectacle lenses in place of the more complicated 
objectives. 

Referring to Fig. 88, a millimetre scale on glass may be set up at 
one end of the bench and illuminated by a diffuse source of light; 
at 97 cm. from this place a + 12D. lens (stopped down to a quarter- 
inch diameter) in a holder to serve as the microscope objective. This 
will form an inverted primary image of the scale 76-5 cm. away, which 
may be viewed by a Ramsden type eyepiece made up as on page 43, 
namely, utilizing two + 7D. lenses separated by 10 cm. By placing 
the eye behind the eyepiece the enlarged virtual image of the scale 
divisions will be seen; this constitutes a working model of the 
compound microscope. 

Measurements. (Primary and Total Magnifications). 

By inserting another millimetre scale on glass in the plane of the 
primary image, the magnification at this stage can be read off and 
will be found to be approximately 8 times. 

If a piece of plane glass is placed at 45 degrees to the axis of the 
instrument so as to reflect light from the object into the eye placed 
as indicated in the figure, the virtual image of the scale divisions 
may be seen projected on to a white screen at the " near point," 
and a number of divisions marked out. With the eyepiece used, the 
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exit-pupil (i.e., the position at which the eye must be placed) is 
4 cm. from the eye-lens; so that the distance of the screen from 
the optical bench should be 21 cm. (sec diagram), making 25 cm. or 
10 in. in all = D,. 

By measuring up the image size on the screen of a known number 
of divisions in the object, the total magnifying power may be 
obtained; for the angle under which the image is seen will be h'/D, 
and the angle under which the object would be seen by the unaided 
eye is h/D,; hence M = h'/h. In this case the total magnification 
will be found to be twenty times. 

Plan* gioM 
' reflector 
Millimetre 
scale on , 
glo»». / 




cmt ' 
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cms 



HM i -a 

h-4-H lb ?» 



Fib. 88. 
Optical Bench Model of Compound Microscope. 

As the Huygenian eyepiece is more generally used in microscope 
work (on account of the better state of correction for chromatic 
difference of magnification) it would be well to substitute this type 
(even in model form) for the Ramsden eyepiece used in the foregoing 
experiment. It is interesting, however, to use the same power of 
eyepiece by utilizing a -6D. lens placed 4 cm. in front of the 
primary image plane and a ^-12D. lens 8 3 cm. behind. If the 
second glass scale is again placed in a holder at the primary image 
plane, it will be noted that the primary magnification has been 
reduced (by the action of the field-lens) to 6-2, but when the 
measurement on total magnification is repeated it will be found to 
be the same as that measured when the Ramsden eyepiece was 
employed. 

Having carried out such measurements on the optical bench they 
may be repeated with a miscroscope proper, using prototype objec- 
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ives and eyepieces. A stage micrometer and an eyepiece micro- 
meter would be required, and when such values have been deter- 
mined they may be compared with the calculated ones obtained 
from the nominal figures given for the focal length of the objective 
and the power of the eyepiece. The agreement between the latter 
values and the former will not necessarily be close, and for this reason 
(as stated earlier) it is advisable to take the direct measurement if 
the dimensions of an object are required with any accuracy. It will 
be helpful to a student for him to measure the particle size of some 
object (e.g., lycopodium powder) by placing it on the microscope 
stage after the magnification methods have been used. The averagi 
diameter of these particles will be found to be 32 microns. 

Correct Setting-up of the Microscope for General Use. 

The setting up of the microscope in its proper manner is a matter 
of importance and it is considered helpful here to enumerate tin- 
various points to be attended to. Incorrect adjustment of the 
instrument may lead to spurious diffraction effects in the image 
causing a misinterpretation of the object. 

1. Arrange the microscope and source of light (an opal-bulb electric 
lamp in a suitable housing) in convenient positions— distance 
of source about 6 inches. 

2. With all optical parts removed, tilt the plane mirror until the 
light is seen coming directly up the microscope tube. 

3. Place the object on the stage, and observe same with a low- 
power objective (say, a two-thirds inch O.G.) and a x 15 eye- 
piece, setting the draw-tube to 160 mm. unless the tube-len^ih 
of the O.G. is known to be otherwise. 

4. Swing in the substage condenser and rack it up until the 
diaphragm in front of the source is seen in focus simultaneously 
with the object— a pencil moved about in front of the source 
will help this attainment. 

' V!*.' - " 1 /- ? n immersion objective is to be used later, it is as well 
to oil the slide to the condenser from the beginning— this is done 
by placing a small drop of immersion oil on the top lens of the 
condenser and then racking the latter slowly up until contact with 
the slide is made and the oil spreads out as a thin film.) 

5. Remove the eyepiece, and close the substage iris down as small 
as possible. Observing the back of the objective the condenser 
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can now be " centred " (by means of the screw provided) until 
the image of the hole in the diaphragm appears concentric with 
the aperture of the objective. 

6. With the eyepiece still removed, gradually open out the sub- 
stage iris until three quarters of the aperture of the objective 
is seen filled with light. If the object is a bold one and shows 
good contrast the iris should be opened until just the full 
aperture of the O.G. is utilized. 

7. Replace the eyepiece, and observing the object, adjust the size 
of the diaphragm in front of the light source until all but the 
portion of the object immediately concerned is screened from 
light. 

S. The instrument is now ready for critical observation of the object. 

A suitable light filter, complimentary in colour to that of the 

object, may be inserted in the beam from the source. 
9. The same procedure, of course, applies for the higher-power 

objectives, and in this case it is better to carry out the first five 

adjustments with a two-thirds inch objective. 

(.X.li.- When using an immersion objective a small drop of 
cedar-wood oil is placed either on the front lens of the objective 
or on the cover-glass, and the microscope very carefully brought 
down until " immersion contact" is made. Great care should be 
exercised in focusing or much damage can result. It is best for 
beginners to rack down the objective a little beyond the probable 
focus while watching from the side, then search for an image of 
the pencil point held in front of the source whilst moving the fine- 
adjustment in an upwards direction. If item No. 4 has been pro- 
perly carried out, the image of the object will come into fociir. as 
soon as a sharp image of the pencil point appears.) 

After use the oil may be removed with cotton-wool soaked in 
benzene and dried with a soft cloth (e.g.. " selvyt "). 

Details of a suitable lamp housing, the substage unit and general 
items concerning illumination of the object will be found in Chapter 
V of Practical Microscopy, Martin and Johnson (Blackie and Son, 
Ltd.). 

Focal Lengths of Microscope Objectives. 

For the general construction of microscope objectives, the deter- 
mination of correct tube-length, the effect of change in cover-glass 
thickness, etc., the reader is referred to Chapter III of Practical 
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Microscopy (Martin and Johnson), but the determination of the focal- 
length of lens systems of such short focus is deemed advisable to be 
included in a book on general optics. 

The method is based on the principle described on page 31 
under the heading of " magnification method," and can be carried 
out in practice on the microscope itself. The lens to be tested is 
screwed into the body tube, and an eyepiece micrometer is fitted into 
the draw-tube. (The latter may consist of an ordinary Huygenian 
eyepiece, the field lens of -which is removed, and a one-tenth mm. 
glass scale placed in the focal plane of the eye-lens) . A stage micro- 
meter is then put on the instrument and focused, and the size of the 
image of a known interval of the object is measured up with the eye- 
piece—the magnification being noted down. The microscope draw- 
tube is then extended by, say, 30 or 40 mm. and the magnification 
again measured. If these two magnifications are denoted by m, and 
»» ; and the first and second positions of the draw-tube by o, and v. 
respectively, then the focal length /„ will be given by 

Numerical Aperture. 

It is now well known that the resolving power or structure-differenti- 
ating power of the microscope depends not so much upon the 
magnifying power as upon the " numerical aperture " of the objective. 

Numerical aperture (denoted N.A.) is 
an optical constant depending on the 
apical angle of the maximum cone of light 
which the lens can take up from a point 
of the object. It is defined as being equal 
to the product of the refractive index (N) of the medium outside the 
lens, and the sine of half the apical angle of the cone of light taken 
in by the objective, thus referring to Fig. 89. 

N.A. = N. sinU. 
Measurement of N.A. 

The determination of this value is a relatively simple procedure, 
especially for the so-called "dry " objectives. In this latter case 
the quantity X becomes unity (on account of the outside medium 
being air), and it only remains to measure the angle U. This may be 
done in several ways, but one method which can be carried out on 
the microscope itself is depicted in Fig. 90a. A piece of white card 
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Fig. 89. 
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(with a line drawn on it) is placed on the stage and on it is rested 
a metal distance-piece one inch in length. With the objective to be 
tested screwed in the body-tube and an eyepiece in the draw-tube, 
the top surface of the metal gauge is focused. The gauge and eye- 
piece are removed and the back of the objective observed, when it 
will be seen illuminated by the white card. Pencil marks may then 
be made on the card at A and B, such that they appear to be just 
on the extreme diameter of the objective, corresponding to the extreme 




Metal gauge 
stance piece. 



I- it i- 9();i. 

Measurement of Numerical. 

rays which enter the lens. By measuring up the distance AB and 
with the known length of the gauge, then 

{AB 1 2) / OC = tan U, 
from which U may be obtained. Its sine will give the Numerical 
Aperture of the lens. 

i In order to locate the eye when observing the back of the objective, 
a small cap having a pin-hole in it can be placed over the eyepiece 
tube. Sometimes a small auxiliary microscope is placed in the draw- 
tube to enable an enlarged image of the back of the objective to be 
seen) . 

This procedure may be used for all diy objectives up to and 
including a one-sixth inch. Obviously the distance AB could be 
calibrated in terms of Numerical Aperture and such devices known 
as card apertomcters can be obtained (see Fig. 90b) for this measure- 
ment. For immersion objectives it is necessary to have a glass block 
of known thickness and refractive index (preferably about 1 65) - By 
focusing on the top surface of the block (where an ink mark has 
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been made) and by having lines ruled on the base AC (Fig. 91a), the 
last ray entering the objective (e.g., from A) may be determined by 
observation of the back of the objective as mentioned before. 

Then from the figure AC/l=tan U' and U' is related to U by the 
second law of refraction, namely N'. sin U' = N. sin U=N.A. Hence, 
with a knowledge of N' and /, the spacing of the lines along AC could 
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Fto. 90b. 
Calibrated Apertomcter Card. 

again be calibrated in terms of Numerical Aperture. This is the 
principle utilized in the Abbe apertometcr (Fig. 91b). 

The following Table V gives a list of objectives and their usual 
nominal corresponding numerical apertures: — 

TABLE V 





Focal Length 


Numerical 




(mm.) 


Aperture. 




50 


012 




25 


020 




16 


0-27 




8 


0-55 


• 


4 


0-85 




2 


1 25 



Resolving Power. 

It has been mentioned in Chapter III that owing to the wave nature 
of light a lens cannot produce a point image of a point object. Instead 
it produces a bright spot of light surrounded by one or more diffraction 
rings, this being known as the Airy disc, and its diameter may be 
taken as 1-22A./N' sin U'„„ where A. is the wavelength of the light con- 
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cerned N' the refractive index of the medium in the image space, and 
U'j, the angle that the marginal ray from the lens makes with tin 
axis. If an intensity curve (diagrammatically illustrated in Fig. 92a) 



Objective 
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Pro. Ma. 
Measurement of Numerical A|" •!'- 
-Immersion Lenses 
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Fro. sib. 
Abbe Apertometor. 

showing the relative illumination of the central spot is drawn for 

the case when two point objects close together (Fig. 92b) are being 

observed by the lens, it can be shown that the two images will be 

separated by a darker region only when their centres are at a distance 

at least equal to the radius of the Airy disc. 
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Sufficient reduction 
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Airy disc 



Pro. 9a. 

Intensity Curves <>i Airy Disc. 




Airy di6C . 



If this physical condition be applied to the case of the microscope, 
it will be seen how the resolving power of an objective may be 
deduced. Referring to Fig. 93, the following relation is valid: 

N./isin U = N'./i'. sinU', 
where N and N' are the refractive indices of the media on the object 
and image sides of the lens respectively, h and h' the respective 
sizes of object and image, and U and U' the corresponding angles that 
the marginal rays make with the axis. 
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In order, therefore, to find the smallest distance between two 
objects conditional with resolution, h' must be put equal to the radius 
of the Airy disc, namely, 0-6IA'N'. sin U' m . 
Then, 



N.fe. sin U = N'x 



Q-61A 



x sin U' 



' N\ sin U' 

but as the medium N' on the image side is invariably air (of refractive 
index equal to unity) 
/; thus becomes equal to 

n — r pfOt Resolving Power=.0-61A/N.A. 

N. sin U 

Hence, the resolving limit of a microscope objective is directly 
proportional to the wavelength of the light employed and inversely 
to the numerical aperture of the lens. 




Fig. 98. 
Lagrange Relation 

The physical constant 0-61 is a value which is subject to slight 
alteration, according to individual observation, but the formula given 
may be relied upon provided, of course, the full angular aperture of 
the objective is utilized. In cases where the condenser has to be 
stopped down in order to improve the visibility of the object, the 
resolution will consequently be reduced. 

Table VI gives the theoretical resolving power of a number of 
objectives calculated for wavelength 5555. A. 

TABLE VI 





N.A. 


Resolving Power. 


rocal Length. 


Millimetres. 


Lines per inch 
(Approx.) 


2* or 25 mm. 

1° or 25 mm. 
I* or 16 mm. 

h" or 8 mm. 

J," or 4 mm. 

T ' 2 " or 2 nun. 


012 

0-20 
0-27 
0-55 
0-75 
1-25 


000282 
000169 
0*00125 
000061 
0-00045 
000027 


9,000 
15,000 
20,000 
41,000 
56.000 
94,000 
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Practical Tests. 

Practical methods for determining the actual resolving power of a 
microscope objective consist of qualitative and quantative tests. In 
the former category natural objects, such as diatoms (having minute 
striatums or dots) are frequently used: for example, Novicvla lyra, 
I'lcurosigma angulation and AtnpUpleura peUvcida, being three which 
may be employed for testing a 16 mm., 4 mm. and 2 mm. objective 
respectively. 

In the latter case, artificial objects in the form of ruled gratings 
are sometimes used. In this connection rulings by Grayson may be 
used, which consists of a slide on which there are bands of ruliny> 
varying from 10,000 lines per inch up to 120, (MM) by steps of 10,000. 



Pointolite 



\ -Condenser 
.•-Colour Filter. 



Silvsred 
cover gloss "^J 
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^Vertical ■ 

lluminotor plote. 

Fig. 94. 
Numerical Test for Resolving Power of ;i .Microscope Objective 

Such slides are scarce and difficult to obtain, but an alternative 
method has been suggested by the author [Journ. Roy. Micro, Soc, 
1928, Vol. 48, pp. 144-158), which gives a direct numerical value 
for the resolving power with a minimum amount of trouble and 
expense. 

This method will be readily understood by referring to Fig. 94. A 
microscope fitted with a vertical illuminator plate (of good optical 
quality) is arranged to view a slide on which has been cemented a 
silvered cover glass. A photographically-made grating (having 600 
to 700 lines per inch) is situated at the corresponding conjugate point 
to the image plane and illuminated by a source of light and con- 
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densing lens. The objective will then form a reduced image of the 
grating in the plane cf the silvered under-surface of the cover-glass, 
this image serving as the object for the lens under test. By observing 
this back-reflected image in the eyepiece the grating is now rotated 
on its turn-table, when the lines will appear to get closer and closer 
together until finally they cannot be resolved; at this position the 
reading on the table circle is taken, ff the angle through which 
the grating has been rotated from the normal is 6 and d, the size 
of the object interval when the grating is at right angles to the optical 
axis, then the object interval when resolution ceases will be J. cos 6. 
By this means a direct numerical value for the resolving power of 
a microscope objective can be obtained. The method is a particu- 
larly sensitive one, for, by inserting various colour filters, different 
rotations of the grating will be observed, thus illustrating that the 
resolving power increases as the wavelength of the light is reduced. 

Relation of Magnification to Resolving Power. 

Having determined what is the physical limit of resolution of an 
objective, it is important to know what magnification is necessary 
in order to render the resolved object visible to the eye. If we 
assume the visual acuity of the eye to be one minute of arc, or for 
more comfortable vision two minutes, then the closest object interval 
just resolved by the microscope must at least subtend this angle at 

.. ,. Visual acuity limit x /J, 
the eye, thus the necessary magnification >. (0-filA/N a ^ 

A %'alue between these limits is usually known as " Useful 
magnification." There is no advantage to be gained by further in- 
creasing the magnification as no more detail in the object can be 
made visible to the eye. Should this be done, it is referred to as 
" empty magnification." We can now, therefore, see what power 
of eyepiece is required to go with any objective in order to do justice 
to the resolving power. Table VII gives the necessary magnification 
and consequent eyepiece power for various objectives. 

Photomicrograph y . 

The photography of specimens as seen in the microscope has the 
advantage of giving a permanent record of the object. It may not 
have the " elasticity " of visual observation, in as much as change 
of focus effects are concerned, unless, of course, a number of photo- 



graphs at different foci are taken. But a photograph can be examined 
at leisure, and in a detail which may not be possible with an object 
which is not of a permanent nature. 







Necessary Magnification. 


Primary 


Eyepiece 










Magnifi- 
cation 


Ri quired 
(for 2' 
acuity) 


Objective. 


N A. 










Minimum. 


Maximum. 


i Nominal) 


2" or 50 mm. 


12 


26 x 


78 x 


3-2 


x 16 


1" or 25 mm. 


0-20 


44 x 


132 x 


6-4 


x 14 


§" or 16 mm. 


027 


60 x 


180 x 


10 


xl2 


{" or 8 mm. 


0-85 


123 x 


369 x 


20 


xlO 


\' or 4 mm. 


0-75 


167 x 


501 x 


40 


x 8 


r ' 3 " or 2 mm. 


1-25 


280 x 


840 x 


80 


x 7 



In general, the microscope has to be set up in a similar way and 
with the same care as for visual work, and then it is only necessary 
to mount a suitable housing— for carrying the photographic plate — 
behind the eyepiece, focus the image carefully and expose the plate. 
It is usually advisable to employ a " projection eyepiece," and the 
focusing is best done by substituting a piece of clear glass for the 
ground-glass screen; on the clear glass is an ink line, which may be 
viewed with a hand magnifier simultaneously with the image of the 
object. 

Plate 




Objective 



lii.. 95. 
Magnification in Photomicrography (Kay Diagram). 

A diagrammatic illustration of the image formation in photo- 
micrography and the way in which the magnification may be derived 
i:i this case is given in Fig. 95. 

Magnification (for photomicrography): 
h" //' h" 



~ h h * /«' = 



Opt. tube length cam era length 



From the diagram it will be seen that, strictly speaking, the 
" camera lengths " should be measured from the focal point F\ of 

D 



86 



Practical Optics 



The Microscope 



S7 



the eyepiece to the plate, but in practice this point is very close to 
the eyelens, and therefore one can measure from the metal eye-cap 
without committing any serious error. 

As an example of the use of the above formula, let us take a one- 
sixth inch objective (i.e., /»=4 mm.) working at a tube-length of 
160 mm. and with ax5 projection eyepiece (i.e., («*»2 inches), then 
the primary magnification ni,=h'/h= 160/4 = 40. And if a camera 
length of 20 inches is to be employed, then 

camera length 



m.,=h" :h'= 



= 20/2=10 



thus giving a total magnification on the plate of 400 diameters. 
Similarly, if the camera length be made 30 inches in length a final 
magnification of 600 is obtained, and so on. The correct necessary 
magnification to employ, however, is given in a later paragraph. 

An alternative and advisable method of determining the magniti- 
calion is to mount a stage micrometer on the microscope and photo- 
graph the scale divisions, and then to measure up on the plate the 
size of a known interval of the object. 

Apparatus for Photomicrography. 

The general arrangement of the apparatus for photomicrograph ic 
work is illustrated in Fig. 96. The illumination system on the left 
of the diagram consists of a high-power source of light S (such as a 
" Pointolite " lamp or an automatically-operating arc lamp) and an 

51c* 




FlO. 96. 

Plan view of Pho t ojnl c rographic Apparatus. 

auxiliary condenser C fitted with iris diaphragm 1,. It is sometimes 
advisable to insert a cooling trough T containing water. The dist- 
ance of the source and the position of the lens C should be arranged 
so as to produce an enlarged image of the former of sufficient size 
to fill the aperture of the substage condenser E. Having focused 






the object with the microscope, the lens-system E is racked to and 
fro until an image of the iris diaphragm I, is seen in focus in the 
plane of tire object; by adjusting the diameter of this iris the illumin- 
ated area of the object is thus controlled. 

The iris-diaphragm L, should then be adjusted in diameter accord- 
ing to paragraph 6 on page 77. With the projection eyepiece in 
the microscope, the camera may now be brought into position and 
set at the correct camera-length, which fulfils the condition of the 
necessary total magnifying power (see page 88). It is convenient to 
have the base of the camera arranged with three steel balls, which 
engage in a plane, slot and hole fitting on the bench (see diagram), 
thus allowing the camera to be removed and replaced with precise 
location, so that easy access for the head may be obtained when 
carrying out preliminary adjustments. After focusing the image in 
the plane of the plate (as mentioned on page 85) it is helpful to insert 
a mask three-quarters of an inch wide in front of the dark-slide and 
take a series of exposures on one plate, changing the fine adjustment 
by an amount equal to half the depth of focus of the objective. (The 
depth of focus of an objective can be taken as 

A 
4.N. sin 3 U/2 
where U is the angle made by the extreme marginal ray with the axis 
in the object space; and N the refractive index of the medium on the 
object side of the lens). In tnis way the exact focus of the image 
will be obtained. An appropriate colour filter placed at F (depending 
on the colour of the object and sensitivity of the photographic plate) 
will help the contrast of the final image. 

Necessary Magnification in Photomicrography. 

The magnification necessary in this case is decided, not by the 
limitations of the eye (as deduced on page 84), but by those of the 
grain of the photographic plate. It is, of course, well known that 
the grain size varies for different types of plate, and measurements 
show that so-called fast plates have an average grain size of approxi- 
mately 002 mm., whilst a slow plate (e.g.. Process plate) has a size 
of 0005 mm. We may therefore take a mean size of 001 mm., as a 
fair measure of the spacing of the silver particles of the average 
photographic plate used. As, however, the particles are not uniformly 
distributed over a developed plate, it is considered advisable to 
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arrange the magnification so that the smallest distance between two 
points in the object should in the image cover at least ten times the 
grain size, in order to safely resolve the image. Hence the necessary 
magnification 

01 mm. x 10 

~ object interval resolved by objective. 
Thus, for §* objective, magnification = 0- 10 /000125 = 80 x 
,, I" ,, , ,, =010/000045 = 220 x 

,, T '„" ,, , ,, =0.10/000027 = 370 x 

Whilst the above magnifications are sufficient to photographically 
resolve the image of the smallest object interval discernablc by tin- 
stated objectives, it may be necessary sometimes to employ twice or 
three times these figures in order to save enlarging the negative after- 
wards for the purpose of more comfortable viewing. If, however, 
shortness of exposure is important, it is advisable to keep to the 
magnifications set out above. 

Illumination of Opaque Objects. 

When opaque objects are to be examined with the microscope, the 

substage illuminator is no longer suitable and other means have to 

be employed. 

Considering first the case of low-power objectives, where the 
working distance is relatively long (e.g., half an inch or longer), the 
object may be illuminated by a number of 4-volt lamps suitably 
arranged at 4 points round the object glass. (See Fig. 97.) Such 
a method is also convenient for macrophotography. 

With objectives having a focal length of between 25 mm. and 
8 mm., and with a working distance down to approximately 3 mm., 
a " ring illuminator " (Fig. 98) is frequently used. This consists 
of a parabolic reflector which brings the incident parallel beam to a 
focus on the specimen; the latter has to be small in dimensions in 
order to allow the incident beam to pass; but tiic device is particu- 
larly useful, for with the annular illumination thus obtained, all 
shadow.- are eliminated. 

Another method, which does not, however, necessitate the specimen 
being small in dimensions, is depicted in Fig. 99. Here the illuminat- 
ing system is arranged in an outer barrel surrounding the objective 
and the light is focused down on to the object either by lenticular 
prisms or a mirror system. 

All the foregoing methods have the advantage that the light for 
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illuminating the specimen does not pass through the microscope 
objective, as in the case of the " vertical illuminator " described later. 
This prevents light being back reflected from the lens surfaces and 




In.. 98. 
King Illuminator. 

causing lack of contrast in the image. This problem of removing 
back-reflection is a much more serious defect than is generally real- 
ized, for in some cases when using metal specimens as the object so 
much light can be reflected and scattered from the objective that it is 
not possible to see the surface of the specimen 
at all.* 

Nevertheless, for the highest power micro- 
scope objectives it is almost essential to use 
the " vertical illuminator." This consists 
in its simplest form of a plane glass reflector 
or right-angled prism (held in an adjustable 
mount) situated immediately behind the 
objective (Fig. 100), and thus the incident 
light is reflected down through the lens on 
to the specimen. The light returned by 
reflection at the latter again passes through 
the objective and through the parallel plate 
to form the final image. A prism illuminator 
(see diagram) am also be used. 

The arrangement of the optical parts when using a " vertical 

" It is possible that the list- of non-reflecting films (sec chapter 6) on the 
surfaces of microscope lenses may help to lessen this trouble. 
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illuminator " should be given consideration. In order to comply 
with the condition that the source of light should be focused in the 
plane of the object, the source or effective source should be situated 
al a distance from the objective equal to that of the primary image, 



<:F 






(Pordllel plote 
type) 




(Prism type) 




FlC. KM). 



FlC. 101 



Vertical Illuminators, 
that is to say, in Fig. 101 the distances marked D should be similar. 
Then by having an iris diaphragm in front of the lamp as indicated, 
the illuminated area on the specimen can be controlled. 

The distance of this iris from the microscope axis can, however, 
be reduced by interposing a lens L (Fig. 102) in such a position that 
a virtual image is formed at the long conjugate of the objective as 
shown diagrammatically in the figure, thus it is possible to use a short 
and compact side-tube to contain the vertical illuminator unit. 

When it is necessary to have more light 
available for illuminating the specimen, such 
as, for instance, when photographic work is 
being done with a high-power objective, 
another arrangement of the optical parts may 
have to be employed. This is shown in Fig. 
103. An image of the iris diaphragm (1) is 
formed in the plane of the object as before; 
tin- source (generally a carbon arc or 
tungsten arc, e.g.. a Pointolite) and condenser L, are arranged to 
give an enlarged image of the former on tin- lens L,, which in turn 
forms an image of the iris (2) on the back lens of the microscope 
objective. By this means both the aperture of the objective and the 




Wrtuol image 
of - iris. 



»- LomD 



Lamp 



Pig lot;. 






illuminated area of the specimen may be controlled, this being done 
by alteration of the diaphragm (2) and (1) respectively. 

Ultra-Violet Microscopy. 

The formula governing the resolving power of a microscope objective 
(namely 0-61A/N.A.) indicates that finer detail should be obtained 
eillier by increasing the numerical aperture of the lens or by decreas- 

D 1 |ns z ) 



Flo. 103. 

ing the wavelength of the light with which it is used. As the upper 
limit in N.A. has (for some time now) been reached, the only hope 
of increasing the resolving power is by utilizing shorter wavelengths. 
Hence, the use of the ultra-violet pari of the spectrum in microscopy. 
A secondary, but nevertheless equally important point connected with 
such work, is that differential absorption and reflection effects occur 
in various types of object when illuminated with ultra-violet light 




•Woods ultro- violet gloss Fluorescent 

Sera en 

Pie. 104. 
apparatus for Uhn-V2ole1 Microscopy with Wavelength msoa. 

and produce contrasts in the image which are otherwise unobtainable. 
This is a particularly useful aspect of microscopy, although perhaps 
not yet fully appreciated; moreover, it is not confined to high power 
work, but may be utilized in low power work with equal advant;i^e. 
lvven if we go a little way into the ultra-violet these effecls begin 
lo show up, and it may be helpful in some work to use a wavelength 
(such as 3650A), which will still pass through the ordinary glasses 
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without absorption taking place, thus saving the use of quartz lenses 
such as are required for wavelengths from 3000A to 2000A. 

Thus the apparatus shown in Fig. 104 can be quite useful. A 
well-screened mercury arc M is used as the source of light and an 
image of this is formed by the condenser C on to the sub-stage 
illuminator of the microscope, the general set-up being similar to that 
already described for photomicrography (see page 86). Having 
focused the object with cither an Hg green or violet filter in the 
illuminating beam, a piece of Wood's U.V. glass (about three-eighths 
of an inch thick) is substituted for either of these. Such a glass has 
a maximum transmission at wavelength 3650A and removes the 
remainder of the visible and ultra-violet parts of the spectrum almost 
entirely. 

In order to focus the U.V. image in the plane of the plate, the 
ground-glass screen is replaced by an opaque flourcscent screen and 
the latter viewed from the front by means of an observation window 
O. The intensity of illumination on this screen will be found suffi- 
cient to allow of focusing the image with the microscope, following 
which a number of photographs on one plate (sec page 87) are taken 
with fine adjustment movements corresponding to half the depth of 
focus of the objective each time. Such a procedure enables the usual 
range of glass objectives to be employed, for neither Canada balsam, 
nor the immersion fluid, absorb at all seriously at this wavelength; 
there may be some slight spherical aberration introduced by using the 
lenses at the wavelength for which they are not designed, but it is 
not sufficient to upset the definition very much. (This may be 
corrected if desired by alteration of the tube-length). 

For initial experiments a biological specimen of some kind will be 
found interesting as an object, taking one photograph in visual light 
and one in ultra-violet (A.3650A) . The absorption and contrast effects 
in the two pictures will in general be quite marked. Fig. 105a and b 
is an example of this. 

U.V. Microscope Using Wavelengths S000A to 2000A. 

In order to further increase the resolving power and contrast effects 
obtainable with the microscope, it is necessary to use shorter wave- 
lengths than that mentioned in the preceding paragraph. Wave- 
lengths, such as 2749 A, 2313A, 2144A and 1990A, are some of the 
more prominent ones which have been used, when the resolving power 





l«) Pig. 105. (b) 

Comparison Photomicrographs taken in Whit.- Light (n) ami in Wavelength 

SB50A— Specimen c>): Cuticli- of Iris Leaf— Magnification =41X. 




A = 450(1 A. 
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Showing Differential Absorption Effects when using various Ultra-Violel 
Wavi I' Births (Specimen : Retina of owl, (onstainfd)— Magnification 450a). 
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would be increased approximately twice and three times for the first 
and last named wavelengths respectively. The advantage to be 
gained when an unstained biological specimen is illuminated with 
different U.V. wavelengths is clearly shown in Fig. 106, where various 
stages of absorption can be readily seen. 

Electrodes 
* Slit 

0V Spectrum 
Formed here 



2 Quarts 

prieue 
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bulb 

lamp 

I-i... 1(17. 
Apparatus (or Ultra-Violci Microscopy with Wuvclctigth 3000 to 2000A. 

In order to carry out such work, however, it is necessary to have 
the optical parts of the microscope made of some material which will 
transmit these radiations quite freely. Until quite recently, fused 
quartz alone has been used for this purpose and the objectives de- 
signed for use with individual wavelengths, hence their name 
" monochromats." With such lenses it is necessary to use strictly 
monochromatic light, in fact a line spectrum is required to illuminate 
the object, bringing the line for which the objective is designed on 
to die substage condenser of the microscope. 

Thus the arrangement of the apparatus becomes as illustrated in 
Fig. 107; a monochromator (having two crystalline quartz prisms, 
collimator and telescope lens) is shown on the left of the diagram, and 
provides the means of producing an ultra-violet spectrum from a high 
intensity U.V. source (such as a spark discharge) in the plane of the- 
substage of the microscope. This spectrum can be made visible by 
means of a tlourescent screen and by rotating the monochromator as 
a whole the desired line may be brought into the microscope. It 
will be understood thai I he object will have first to be located and 
focused in visible light by placing an opal bulb lamp in some such 
position as indicated in the diagram, but when it comes to focusing 
in ultra-violet light, other means have to be employed. This is 
carried out by what is, in effect, a tlourescent eye held behind the 
quartz eyepiece; this device is shown in Fig. 108 and consists of a 
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quartz lens Q with a piece of uranium glass U situated at its focus. 
Thus the image through the microscope is formed on this screen. 
which in turn is viewed through a Ramsden eyepiece E having glass 
lenses. In this way it is possible to find the approximate focus of 
the L'.V. image before commencing to take a series of photographs 
for finding the exact focus. This latter process is carried out by 
inserting a mask in front of the plate (as already described) and 

Microscope Fluorescent . 

•?>«pieee (0^0.^3) eyepiece • \" 



FlO. 108 

Fluorescent Eyepio t 

moving the fine adjustment through an amount equal to half the 
depth of focus of the objective for each exposure. A fuller descrip- 
tion of this whole technique, including the method of producing the 
spark source, the fluid for U.V. immersion objectives, etc.. will be 
found in Chapter XII of Practical Microscopy, Martin and Johnson. 
With the advent of new optical materials, it has been found possible 
to combine lithium fluoride with fused quartz and produce achromatic 
ultra-violet objectives.* This will, in time, greatly facilitate the 
methods of ultra-violet microscopy, for with such a lens focusing 
difficulties disappear and the monochromator may be surplanted by 
a source used directly in front of the microscope with appropriate 
D.V. filters. 

U.V. Microscope with Wavelengths 2000A to 1000A. 

In order to use this range of wavelengths it Is necessary to have 
the instrument in a vacuum; for air (or rather the oxygen content of 
it) absorbs considerably in this region. The most suitable optical 
material for use here is lithium fluoride (I.i.F.), as this transmits 
radiations down to 1100A. quite freely, but as mere is no material 
which can be used for achromatizing the lens system, the latter must 
be of the " monochromat " form and therefore a monochromator must 
also be employed for illuminating purposes. The arrangement of the 
apparatus in this case is shown in Fig. 109, in which the entire optical 

I! K. Johnson— Proc. Phft, Soc.— Vol. 51 — p. 1034—1939. 
' B. K. Johnson — P™, Phyr, Soc. — Vol. 53 — p. 714 — 1941. 






system (made of I.i.F.) is enclosed in a metallic vacuum chamber. 
The spark discharge used as a source is mounted externally and its 
housing is flushed with nitrogen; this effectively removes the oxygen 
between the spark gap and the Li.F. window, thus preventing 
absorption and allowing the spark to operate satisfactorily. 



Spork gop 
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Nitrogen. 
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Vanillin Microscope (or Region 2000 to ioooa — Optica] Parta of Lithium 

I'luiiride. 

Focusing of the microscope and movement of the plate (for a 
number of exposures) is carried out by controls A and B through 
vac-tight cone fittings. For the metal electrodes at the spark gap, 
• tin will be found suitable, for it gives strong and well-spaced spectrum 
lines at the following wavelengths": 1901. 1757. 1640, 1570, 143S, 
1347, 1223, 1132, 1062A. 

For work in this region it is necessary to use a special form of 
photographic plate as gelatin absorbs these particular radiations, coh- 
-equently a Schumann plate, or, better, an II ford Q2 plate, will be 
found suitable. It will be obvious that only " dry " objective can 
be used in a vacuum, and this fact limits the useful numerical 
aperture of the lithium fluoride lens system to about 0-75; consequently 
the absolute resolving power of such a microscope used with wave- 
length 11 00 A. would not exceed that obtained with an immersion 
objective (N.A.= l-25) used with wavelength (say) 2000A. Never- 
theless, selective absorption and reflection effects in the object may 
still be present; this field has to be explored. 

Another type of optical system applicable to this work is a form of 
reflecting microscope. Johnson 1 , Linfoot- and Burch" have all 

* B. K. Johnson — Jonrn, SclentifU Instr.— Vol. XV., No. 4 — p. 126 — 1938. 
IB. K. Johnson— /own. Scientific Inslr. — Vol. xi. No. 12 — p. 384—1934 
-Exhibition catalogue of Physical Society — Jan.. 1939— p. 228. 
3 C. R. Burch— Nature— Vol. 152— p. 748— Dec. 25th. 1943. 
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described methods whereby the objective may consist of a concave 
mirror accompanied by an auxiliary lens, a Schmidt plate or another 
mirror. 

Let us take a method by Burc.h depicted in Fig. 110; the objective 
consists of an ellipsoidal mirror and a spherical convex mirror, with 
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Fio. 110. 
A Reflection Microscope suitable for the Vacuum Region. 

a hole in the former mirror; this enables the object slide to be placed 
outside the concave mirror and to be of normal dimensions. By 
suitable " figuring " of the ellipsoidal mirror such a system can be 
made free from spherical aberration and coma, although the astigma-- 
tism present only allows a small field to be used. The system is, of 
course, achromatic and if used as an ultra-violet microscope it has 
the advantage that no change in focus from the visual setting to any 
desired U.V. wavelength is necessary. 

The diagram, from the fact that Li.F. lenses are shown, implies 
that this type of instrument could be used satisfactorily in the region 
2000A. to 1000A., and indeed down to about 300A. provided the 
Li.F. was removed and a concave grating substituted for use as a 
monochromator. It must be remembered, however, that the reflectin" 
power of metals 4 decreases very rapidly with a reduction in wave- 
length and therefore exposure time may be very long. 

Electron Microscope. 

From what has been said in the foregoing paragraph it becomes 
apparent that increasing difficulties are met with in the attempt to 
use shorter and shorter wavelengths with the microscope; moreover, if 
we go below 300A. we begin to enter the region of X-rays, where it is 
Mi. K. Johnson— Proc. I'hys. See— Vol. 53— p. 258—1941. 
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impossible either to reflect or refract the rays, and therefore impossible 
to form an optical image (as generally understood) of an object. 

With, however, an increased knowledge of the behaviour of the 
electron in its passage in vacuo through an electro-magnetic or electro- 
static field, it has been found possible to focus a " beam " of electrons 
and so produce an image by this means. 
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For example, if we imagine a stream of electrons emanating from a 
point (Fig. HI a and b) and passing through the fields of force 
set up by the coil, the electrons will change their direction of path 
and " bend " round until they focus at a point I. An " electrical 
lens " of this kind may be looked upon as being made up of a series 
of consecutive layers of varying refractive index, much as in the case 
of the crystalline lens of the human eye (Fig. 111c). If the fields 
of force arc varied in strength by alteration of the potential put 
through the coils (see Fig. 1 1 1 d) shorter focus electrical lenses may 
be produced whose action can be likened to that of a microscope lens. 

Although the electron refraction laws* closely resemble those for 

• I.. C. Martin— journ. Television. Soe.— Vol. 1. part 12 — p. 377 — December, 
1934. V. K. Zworykin — ]<mm. Franklin Institute — Vol. 215. No. 5 — p. 
535— May. 1933. Busch— -Inn dtr Phyttk—Vo\, 81— p. 974—1926. 
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the refraction of light through glass lenses, the optical analogy is not 
quits complete, but sufficiently so to enable a study of image forma- 
tion by electron beams to be made. Electrical lenses, however, suffer 
from the usual aberrations which are common to optical lenses and 
have in fact to be used with much more restricted apertures in order 
to obtain any sort of good quality definition in the image. 
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Fig. 112. 
Electron Microscope (l>: tie). 

The wavelength (A) of an election radiation may be stated as 
follows : — 

A= v 1 ■» x 10 * cms. 

where V is the voltage applied to the emitting cathode and anode, 
and the constant 150 being a factor governed by the charge of the 
electron and its mass (c/m). 

If, therefore, w L - assume a potential V of 15,000 volts we find that 
the wavelength becomes 01 angstrom units; or fifty thousand times 
shorter than the wavelength of green light of the visible spectrum. 
Unfortunately it is not possible at present to have a numerical 
aperture of the electrical lens exceeding about 001, which is approxi- 
mately one hundred times less than an immersion microscope 
objective. Nevertheless, by applying the resolving power formula 
I.0-61A/N.A.) to these conditions, we see that theoretically the fine- 
ness of detail resolved should be five hundred times better than with 
the visual microscope. As yet such a resolving power has not been 
attained in practice; but only an increase of forty to fifty times that 
of the visual microscope; in spite of this, however, a very distinct 
advance has been made and valuable results will, no doubt, accrue 
from work with the instrument. 
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A variety of types of electron microscope have been constructed, 
but their general principle is depicted diagrammatically in Fig 112. 
from which it will be seen that the main component (viz., condenser, 
objective and projection coils) are similar to the optical component- 
in the ordinary microscope, but the whole apparatus is contained 
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Electron Microscope m Royal College of Science, South Kensington. 
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in a vacuum chamber. The vacuum has to be maintained at a 
pressure of about 10 '• mm. Hg. and as the volume of the container 
is considerable, this involves experience in vacuum technique and 
the use of diffusion pumps backed by a fast operating oil pump. 
Also the maintenance of steadiness in the voltage and current in tin 
electrical lens coils and the electron source is of great importance. 
For a more complete description of one form of the instrument, 
however, reference may be made to the Jowrn. Roy. Micro. Soc., 
1939, Vol. LIX. pp. 203-216, and to Wis&enschaftliche VerdffentU- 
chtmgetl aits den Siemens — Werken, 193S, Vol. XVII, part I. The 




Vic. 114. 
Zinc Oxide Smoke Particles XI 1,500 (taken with above instruimni). 

necessary magnification required to resolve the detail given by the 
electron microscope will obviously be high, and it may be of interest 
to calculate this for the case mentioned here, namely, when using 
15,000 volt electrons, and N.A. = 0-01. The theoretical resolving 
power would be 6 x 10- 7 mm. or 0006u. If we used a Process Photo- 
graphic plate (average grain size 0005 mm.) on which to receive the 
image, the necessary magnification 

_ 0-005 x 10 
6x10-' 
which is approximately 80,000 times. 
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If, however, we assume that under present conditions we can only 
obtain one tenth of the expected resolving power (sec page 9S, line 21), 
then a magnification of 8,000 would suffice. In either case such a 
demand requires that the instrument shall be of rather long dimen- 
sions, owing to the fact that the electrical lenses cannot be made <>f 
particularly short focal length. A photographic illustration of the 
instrument is shown in Fig. 1 13, together with a photograph taken 
with it of zinc oxide particles at 11,500 times (Fig. 114.) Measure- 
ment of the diameter of the small spicules indicate that the resolving 
power here is of the order 0026/*, that is about ten times better 
than that obtainable with the visual microscope. 



CHAPTER V 

PHOTOGRAPHIC I.FNSES 

In order to appreciate the high quality of definition given by the 
modem photographic lens, it is desirable to consider what the require- 
ments of the ideal lens are and then to see how nearly such require- 
ments can be fulfilled. An ideal photographic lens should have: — 

No chromatic aberration 

No spherical aberration 

No coma 

No astigmatism 

No distortion 

A perfectly Hat field 

Rapidity of exposure (i.e. small F/ ratio) 

Large depth of focus. 

Large angular field of view. 
It is impossible to design a lens which will satisfy all these conditions 
simultaneously; and, indeed, it is difficult to correct more than a few 
of these aberrations at one time. Moreover, as some of the require- 
ments (for example, rapidity of exposure and large depth of focus) 
are immediately opposed to one another, it is necessary to arrange 
the design according to the purpose for which the particular lens is to 
be used. 

The meaning of the first four named aberrations have already been 
explained in Chapter III, and distortion of the image is a defect which 
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Curvature of field, however, requires some 



is self-explanatory, 
explanation. 

In Fig. 62 the line foci at A and B are known as the tangential 
and sagittal focus respectively, whereas the minimum diameter of the 
constricted rays at C (which is midway between A and B) is known 
as the disc of least confusion. The locus of these discs as they pass 
from the centre to the edge of the field is known as the image field; Fig. 

of 

. Sagittal field 



Curvafcure 

vVld 







Plane of 
plate. 

He. 115. 
Astigmatic I iekta of a Photographic Lens. 

I IS shows the shape of the latter, together with that of the astigmatic 
fields frequently encountered with a photographic lens. The diameter 
of this disc of light decides the quality of definition given by the 
photographic lens and should not exceed about 0003 inches for a plate 
or print which is to be examined with the unaided eye; but if the 
negative is to be enlarged afterwards the disc may have to be as 
-mall as 0003 inch in diameter. 

Pinhole. 

Although this chapter is devoted to photographic " lenses," one 
may at the outset makr an exception and include the pinhole camera; 
for although the quality of definition given by this device is not 
particularly good, practically all the conditions enumerated above, 
with the exception of short exposure, are automatically eliminated. 
For example, the absence of distortion, the large (almost infinite) 
depth of focus, and the large angular field might render the pinhole 



camera useful in certain cases for photographing architectural subjects 
where length of exposure does not matter. The most favourable 
diameter of the hole for a previously determined distance of the photo- 
graphic plate can be obtained from: — 

Diameter of hole= </<i;i20 
where d is the distance of the plate from the hole in inches and 120 
a factor depending on the diameter of the diffraction disc given by a 
small hole. 

It will be found instructive to take a pinhole photograph with (say) 
a quarter-plate camera fitted with a properly drilled hole of correct 
diameter in place of the usual lens. It is of interest to take some 
pictorial view in which there are both near and distant objects and 
with wide angular separation; also to take a photograph of the chart 
shown in Fig. 119 and to compare critically the definition on the plate 
given in turn by the pinhole and by a well corrected photographic 
lens. 




Ik;. 116. 
Elimination of Coma by Movement of Diaphragm. 

Early Lenses. 

The earliest form of lens used in cameras consisted of a bi-convex 
lens which gave poor results generally. Such a lens had to be reduced 
in aperture to about F 32 to give any satisfactory definition on i!u 
plate. 

Wollaslon's discover)' (1812) for the improvement of definition by 
using a stop in front of the lens was of great importance; for it can be 
shown that by moving the stop with respect to the lens a position will 
be found at which coma can be eliminated. Fig. 116, a, b and c, 
illustrates this point which can be proved geometrically by means 
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of ray-tracing methods described in Chapter I. This fact is a basic 
principle utilized in the systematic design of photographic lenses. It 
can also be shown that a flatter field will be obtained if the lens takes 
the form of a meniscus shape rather than a bi-convex shape; and in 
consequence the simple type of landscape lens (as it was then called) 
was usually as indicated in Fig. 116, c. This type still persists in 
large numbers in " box " cameras, and although the quality of 
definition is not good beyond F/16, the small number of air-glass 
surfaces (i.e., two) prevents reflected and scattered light from 
reaching the plate and consequently produces good contrast in the 
image. Hence the popularity of this camera in the hands of the 
non-technical person. 
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Cur-voture of field. 
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(b) 

I-'lc;. 117. 
Movement of the Astigmatic Surfaces with Change in Shape of the Lens, 

An interesting point in the design of this type of lens is that by 
altering its shape without altering its power or focal length (in other 
words, by " bending " the lens) the astigmatic surfaces, and therefore 
the curvature of field, may be changed. For example, in Fig. 117, 
a, b and c, by making the lens successively more meniscus in shape 
the curvature of the field can be changed from being curved towards 
the lens to being curved away from it. The best position of the stop 
(for the elimination of coma) is shown diagrammatically in each case, 
and it will be noted that it approaches the lens as the latter becomes 
more steeply curved. Obviously, then, the design can be arranged 
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such that a flat field and freedom from coma can be secured simul- 
taneously. 

Experiment. 

An experiment to illustrate some of the foregoing remarks may be 
carried out as follows: — 

Using a short length (about 9 inches) of optical bench (suggested 
in Fig. 27, mounted in front of some camera bellows) we can place 
a +5 D lens in its holder and form an image of a page of print on to 
the ground glass screen. Fig. 118 shows the general arrangement of 
the apparatus together with approximate dimensions. 

Viewi no, 
, fcjpiecc- 

S'- 6" 





Short length 
optical bench 

+SD. lens'. Ground g , os ^ 
Screen v/ibn 
Concentric aretes 
drown on . 

Fig. 118. 

Apparatus for illustrating experimentally the principles involved in various 
types of Photographic Lens. 

The object may consist of some good quality printed matter stuck 
down on to a flat card or board; alternatively an object of the type 
shown in Fig. 119 can be used. The latter is rather more helpful, 
as it is designed for the purpose of telling what aberrations are causing 
the defective image; for instance, the white holes on the black cross 
will show flared tails when coma is present, the white crosses on black 
circles will show up astigmatism, the rectilinear lines the distortion, 
and the asterisks the effects of chromatic and spherical aberration; 
whilst a measure of the curvature of field may be obtained by racking 
the ground glass screen from the position of axial focus to marginal 
focus. 

Having set up the object test chart (suitably illuminated) about 
8ft. 6in. from the lens, the image is received on the ground glass 
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screen, which has concentric circles drawn on the ground surface. 
Viewing the latter with an eyepiece, the image may be sharply 
focused in the centre of the field, the lens being at full aperture (i.e. 
about one-and-a-quarter inches diameter for a spectacle trial case lens) 
for the first part of the experiment. By movinu tin- eyepiece outwards 




119. 

Test-Chart for Photographic U la -. 

from the centre one can determine when the definition begins to fail 
nnd hence (by means of the concentric circles) the diameter of th, 
good field. Then place a diaphragm, having a hole of one-half inch 
diameter, in contact with the front of the lens, and again determine 
the size of the well-defined field. 
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Finally slide the diaphragm along the optical bench until then- is 
no sign of coma present, that is when the white holes at the edge of 
the field show no trace of flared tail on either side of them; this will be 
the correct position of the stop and observe the diameter of the good 
field. From the diameter of the latter and the known focal length of 
the lens, the angular extent of the field giving good definition may be 
obtained; also the ratio of the focal length to the diaphragm diameter 
will give the F-ratio. These two numerical values are the important 
factors to know in connection with the performance of all photographic 
lenses. 

(Instead of viewing the ground glass screen with an eyepiece, 
photographs may be taken and examined critically afterwards.) 

Achromatized Meniscus Lenses. 

The next stage in the development of photographic lenses was to 
achromatize- the meniscus type mentioned above. At that period 
(about 1860) photographic plates were chiefly sensitive in the region 
of the G' line (A = 4340. A) of the solar spectrum and therefore the 
design was so arranged that the D and G' lints were brought to one 
and the same focus, thus enabling the visual and photographic image 
to be m the same plane; also, of course, the general definition was 
improved because of the chromatic correction. The spherical aberra- 
tion was not entirely corrected, for it is necessary to have some 
residual outstanding in order to correct the coma (a distinctly worse 
aberration as far as photographic lenses are concerned). 

In the earlier stages of this lens, hard crown and dense Hint com- 
ponents were employed; two forms of the achromatized meniscus type 

are shown in Fig. 120. a and 1>. Later a third form of this type was 
evolved (Fig. 120, c) using some of the (then) new barium crown 
glasses, which enabled a considerable reduction in astigmatism to be 
obtained. 

In order to appreciate the great advance iu lens design which 
occurred when the barium-crown glasses were introduced by Abbe 
and Schott in 1886, consideration of the Petzval theorem must be 
made. The Petzval surface represents the curvature of field produced 
by a lens as computed from paraxial formula:, in the absence of any 
astigmatism. It is more or less an ideal, for in practice astigmatism 
is extremely difficult to eliminate; nevertheless the analytical methods 
of this theorem help considerably in the choice of glasses for the design 
of photographic lenses. 
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The radius of curvature R of the Petzval surface for a lens of small 
aperture may be taken as: — 

1 = y|- (N'-N) -] 
R L r.N.N' J 
where N and N' are successively the refractive indices of the medium 
on the left and right respectively of each surface of radius r. For 
example, if we apply this relation to a single lens (in air) of refractive 
index 1-52 and with radii r l and r.,, then 

1 _ / N'-N\ / N'- N \_ /1-52-10X ( 10- 1 -52 \ 

R Vr,.N.N'J + ^ 3 .N.NV~V r,.l-52 ) + \ r 2 .l-52 ) 

from which it will be seen that in order to make R zero (i.e. to secure 

a flat field) the radii c, and r„ would have to be equal in numerical 

value and sign; and consequently the lens would have no power 
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Fte. 120. 
Types of Achromatized Meniscus heosct 

(except due to its thickness) and would in effect be a curved parallel 
plate. Thus the nearest approach to the fulfilment of the Petzval 
condition is to have a meniscus lens with radii as nearly similar as the 
conditions of focal length will allow. 

Another way of stating this relation when applied to a single lens 
is that i /N-l\ 

r~\ n r 

where C is the total curvature of the lens, but t."=l//.i>N.v where "N 
is the mean dispersion of the glass, v the reciprocal of the dispersive 
power, and / the focal length of the lens; then 

1 _ N-l 1 1 t./N 

R 



N 
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E.G. Assuming /-10 inches, N= 1.520, and u = 60.8, 



then l/JJs^ 



1 40 



60-8 



= 0.066, and .'./? = 15.2 inches. 



When it is required to fulfil the Petzval and achromatizm condition 
simultaneously, as in the case of a cemented achromatic doublet for 
example, we have 

1 

R 



N 1 .. N„-l 

-.c.+ — vj — . c„ 



where the suffixes a and b refer to first and second components of the 
doublet, but 

C.= l//.i»N. (v.- v b ) and C,- -l//.dN„ (v,-v„) 
where / is the focal length of the combination so that 



1 _j_ f r, _ 2^"] 



{(»).■«'->■- (a,i 



For an achromatic lens with separated components, the condition 
for zero Petzval curvature is that 

£_ I_ 

R JW, r k ) 

where m is the ratio of the separation of the lenses to the focal length 
of lens a. 

From the foregoing it will be seen that in order to secure a flat field 
the requirements are that the v and N values of the two glasses 
should rise and fall together. A list of "old" glasses (see below) shows 
that as the N values rise, the v values fall. This is contrary to the 
requirements of the Petzval theorem, and a list of "new" glasses (i.e. 
the barium crown scries) illustrates that the drop in v values with a 
rise in N is very much less. A numerical example will reveal the 
importance of these so-called "new" glasses, for with them a flatter 
field and less astigmatism may be obtained. 
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1.5175 


60.5 


39.9 


L.B.C. 


1 .5407 59.4 


38.6 


L.F. 


1.5427 


47.5 


30.8 


M.B.C. 


1 .5744 59.4 
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D.F. 


1.6501 


33.6 


20.4 
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1.6140 56.9 
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Let us assume wc require a cemented doublet photographic lens of 
ten inches focal length, and wish to know the Petzval curvature using 
" old " and " new " glasses; then for " old " glasses:— 



no 

t//N 

D.F. 20.4 

H.C. 39.9 

Difference = 19,5 
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v 
33.6 
60.5 
26.9 



I/R = 19.5/10x26.9 = 0.0725 
.*..R'=13.S inches. 



Thus it will be seen thai an achromatized doublet using " old " 
glasses has a greater curvature of field than the ten-inch focus lens 
of one glass only (see page 109). 

Whereas utilizing "new" glasses we have a considerably flatter field 
(see below). 

w/N v 

L.F. 30.8 47.5 

D.B.C. 35.2 56.9 

Difference = 4.4 9.4 



I /i? = 4.4/ 10 x 9.4 = 0.0468 
:.R = 2 1.4 inches. 



Furthermore, when using " old " glasses the sagittal field is in 
most cases nearer to the lens than the tangential field, but the employ- 
ment of the barium crown glass enables the tangential field to be 
brought from behind the sagittal field to in front of it, thus giving 
the possibility of superimposing the two fields (if desired) and 
eliminating the astigmatism. 

An additional point of interest is that if the v/N values were plotted 
against the v values for all types of glasses (see Fig. 121) we could 
select two glasses which would give a low Petzval sum by choosing 
two which gave the least slope of line joining them; for the quantity- 

N, N b L 
l(V,-V„) j 
represents the slope of the line joining the two glasses selected and 
thus for a low Petzval value this slope must be inclined as little as 
possible towards the horizontal. Thus in the figure the dotted line 
joining the two sets of glasses indicates that a dense barium crown 
combined with an extra light flint would give the lowest Petzval 
curvature, 

It will be understood, of course, that the foregoing only gives a 
general outline of the way in which the Petzval theorem may be 
utilized for obtaining a choice of glasses when designing a lens system 
which is required to give a flat field. The theorem, at best, gives a 
theoretical approximation to the desired aim; and this must always 
be backed up by exact determination of the aberrations as determined 
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by ray-tracing methods, nevertheless it is distinctly useful in the initial 
stages of a design. 

Symmetrical Lenses. 

1 1 soon became realized that a lens system arranged symmetrically 
about a central stop is automatically corrected for distortion if object 
and image distance were the same. Such a lens is also automatically 
freed from coma and transverse chromatic aberration. 
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Pro, 121, 

Although the correction of these aberrations is only true for unit 
magnification, they are greatly reduced even when object and image 
distances are not the same. No advantage is to be gained in axial 
chromatic aberration, spherical aberration, astigmatism, and curvature 
of field, by utilizing the " symmetrical principle "', nevertheless, the 
fact that distortion and coma can be minimized has led to a very 
great use of this principle. 
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Fig. 122 shows an early form of this type, which consisted of two 
meniscus lenses of the same glass with their concave surfaces each 
facing the diaphragm. The latter had to be greatly reduced in 
aperture in order to give satisfactory definition; in fact, this lens 
originally worked at about F/35. 

Experiment. 

A working model of a symmetrical type lens may be made up with 
the apparatus suggested in Fig. 118 by utilizing two -2.5 D trial case 
lenses mounted on the short optical bench, and separated by a distance 
of 5.7 cm. With the lens system directed towards the illuminated 
chart (Fig. 119) or page of print, the image may be observed with 
the eyepiece or photographed on a plate; first with the system at full 
aperture, and then with a diaphragm of half-inch in diameter placed 
midway between the two lenses. As before the diameter of the well- 
defined field can be determined and hence the angular field; also the 
F/ ratio utilized in each case. As the equivalent focal length of this 
lens system will be similar to that of the single lens on which the first 
experiments were carried out. a direct comparison in performance 
can be made. 



D.F 




Pto. 122. 

Symmetrical Type Lens 
(Non-Achromatic). 




Ik, I2:t. 
Achromatized Symmetrical " Oiil " Glass. 



" Old Glass " Symmetrical. 

Following the simple type illustrated in Fig. 122 it was quite natural 
that the achromatized form of symmetrical lens would appear, and 
Fig. 123 shows such a type using the so-called "old" glasses of hard 
crown and dense flint. This lens was a distinct step forward in the 
design of photographic lenses, for although the residual astigmatism 
is still fairly large, the correction of coma and distortion was so much 
better than had hitherto been obtained, and the additional fact that 
it could be used at an F ratio of from 8 up to 5.6 and would still give 
good definition, led to the adoption of its name as the rapid-rectilinear 
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lens. With this type, however, the astigmatic fields may be swung 
towards or away from the lens by changing the shape of both com- 
ponents, but the sagittal field is in most cases nearer to the lens than 
the tangential, just as in the case of the single meniscus or " old glass " 
achromatized meniscus lens, with a consequent large amount of 
astigmatism. 

" New Glass " Symmetrical. 

In order to improve this latter defect it was felt from previous 
experience that by using two " new glass " achromats as the com- 
ponents, this would be accomplished; but in practice it was found that 
although the tangential field was brought nearer to the lens it could 
not be made to coincide with the sagittal field. 

Origin of the " Anastigmats." 

It was suggested by P. Rudolph (1890) that the symmetrical type 
lens might be improved by compensating the astigmatism and 
curvature field given by the first component by an equal and opposite 
amount given by the second component. This he did by combining 
an " old glass " achromat as front component with a " new glass " 
achromat for the rear component (see Fig. 124). at the same time 
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Ku.lolpli Tv|»- .>( Photographic Lena Triple Protar 

(Protar). 

correcting the other aberrations. This principle led to an excellent 

design, the definition being {;ood over the entire field of 40 degrees 

working at an F/ratio of 4-5, the field being particularly flat and 

relatively littU- astigmatism. 

A series of these lenses were made working at various F/ ratios; the 
lens was originally called the "Anastigmat," but was changed to 
" PlOtai " when the word anastigmat became the general term for 
all lenses having little astigmatism and a flat field. 

Rudolph also produced what he called a Triple Protar, which was 
an attempt to combine an "old" and "new" glass achromat in one 
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compound lens, but using; only three glasses instead of four. Fig. 125 
depicts this lens and the approximate refractive indices of the glasses 
are indicated. If we draw an imaginary line through the centre of 
the middle component, we have what is in effect an "old" glass 
achromat to the left of the dotted line, and a "new" glass achromat 
lo the right. Such a lens may be used as a single unit (as shown) or 
as a symmetrical type, in which case a similar combination would be 
mounted on the other side of the diaphragm. 

Other methods of designing an anastigmat involved the use of 
uncemented components such as for example the Celor type shown 
in Fig. 126. Whilst the separated lenses of each component allowed 
an additional degree of freedom in correcting the aberrations, there 
are a greater number of air-glass surfaces involved and thus a liability 
to produce less contrast in the image due to reflected and scattered 
light. 
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Fig. 126. 



Symmetrical Type with Separated 
Component. 



Pie. 127. 
Coolae Anastigmat. 



Another example of the uncemented anastigmat is the well-known 
Cooke type (see Fig. 127) originally designed by H. Dennis Taylor. 
This was an outstanding design and the lens gives excellent definition 
over a 46-degrce field working at F/3-5. There have been various 
modifications in the construction of this type of lens, such as the 
Zeiss Tessar and the Aldis anastigmat for example, but the general 
" Cooke " principle is retained. 

Experiment. 

A working model of this type of lens may be set up as before 
employing the apparatus shown in Fig. 118, but using on the optical 
bench two positive trial case lenses of + 4 D. power separated by 
5.8 cm., and a -3 D. negative lens placed midway between the two. 
The extent of the well-defined field can be determined either with the 
eyepiece as explained previously or by taking a photograph, first 
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using the lens system at full aperture and then with a half-inch 
diameter slop placed as near the negative lens as possible. A com- 
parison in performance can then be made with that given by the 
mode] symmetrical lens and also by the single lens. 

In these three experiments it will be understood that neither the 
correct shape of lenses nor the right glasss have been used; neverthe- 
less, the improvement in definition will be plainly noticeable when 
the successive types are set up; and moreover the general principles 
thus illustrated in practical form will be found distinctly instructive. 

Telephoto Lens. 

The purpose of a telephoto lens system is to produce a larger image 
of a distant object without having to use a lens of undue focal length. 
The principle will be understood from Fig. 128, in which a positive 
lens A and a negative lens B separated by a suitable distance d ait- 
arranged to receive fight from the distant object and form its image 
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Principle of Telephoto Lens. 

on the plate P. If now the final direction of the ray leaving the lens 
B is projected backwards so that it cuts the corresponding incident ray 
at C, this will be the position of a lens which will have a focal length 
equivalent to that of the system AB. This equivalent focal length 
(marked on the diagram) determines the size of the picture, whereas 
the back focal length (also indicated) decides the camera length. The 
ratio of the former to the latter, viz. E.F.L./'B.F.L., is known as 
the Telephoto Magnification. 

Earlier it was considered desirable to have a telephoto magnifica- 
tion of six or eight times, and this made it difficult to correct the 
aberrations for a lens working above F/ 11, but latterly a magnification 
of two or three times has been adopted. This has led to the design 
being extended to telephoto lenses now working at F/3.5. 
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Experiment. 

To illustrate the foregoing experimentally, we may utilize the 
apparatus of Fig. 118 and mount on the optical bench a trial case 
lens of +5 D. as lens A (in Fig. 128) and a -3D. as lens R separated 
by a distance of 10.5 cm. Having received the image of the chart 
object on the ground glass screen, the distance between two lines in 
the image can be measured; if the telephoto lens system is now 
removed and one single positive lens substituted on the optical bench, 
the right power of lens can be chosen from the trial case which will 
give the same size of image as that previously measured. The focal 
length of this lens will correspond to the equivalent focal length of the 
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Fig. 129. 

Introductory Method tor Illustrating and Measuring tin- Astigmatic Surfaces 
of a Photographic Lens. 

telephoto system. It will be found that a +3.5 D. lens will be suitable 
in this experiment; the distance from the negative lens to the ground 
glass (i.e. the back focal length) having been measured previously, 
the telephoto magnification is thus obtained. 

Measurement of Astigmatic Fields. 

An introductory method of illustrating and measuring the astig- 
matic surfaces given by a photographic lens may be carried out by 
the experiment depicted in Fig. 129. A point source S (suitably 
housed) is set up at about 9 or 10 feet from the lens P and the image 
received on a ground glass screen which is arranged to stand upright 
on a piece of graph paper pinned to the table. A vertical line is drawn 
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on the ground glass so that sighting down from above, a point on the 
graph paper can be marked at the bottom of the line. 

The point source is then moved successively to positions A,, A„, 
etc., and in each case the ground glass is moved until the image is 
focused on the pencil line; and the position marked on the squared 
paper. As the obliquity of the rays passing through the lens becomes 
greater, the point image becomes drawn out into two lines at right 
angles (namely the sagittal and tangential foci). These lines are 
focused on the pencil line on the ground glass as before, and their 
positions marked on the graph paper. 
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Measurement of Entrance-Pupil. 

In this way various points on the two astigmatic surfaces can be 
plotted directly on the paper, and when joined up the shape of the 
fields may be obtained. Similar points on the other side of the axis 
can be determined by moving the source to positions B,, B.j, IV,, etc. 
The angle of the incident beam for each pair of points can be obtained 
by measurement of the distances D and L (whence L/D = tan 0) and 
should be marked on the paper. It is of interest to carry out this test 
for a single uncorrected lens and then for a properly designed photo- 
graphic lens (both of similar focal length) and then to compare the 
results obtained. 

Complete Tests on a Photographic Lens. 

1 . Focal Length. 

The measurement of the equivalent focal length can be carried out 
by cither the magnification method or nodal slide method described 
in Chapter II. 

2. F/Ratio. 

ll is advisable in certain cases to check the stop numbers engraved 
on the lens mount for various openings of the iris diaphragm. The 
aperture-ratio or F/number is the equivalent focal length divided by 
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the effective diameter of the diaphragm or stop, that is tin " entrance- 
pupil " of the lens. In order to measure the latter, the lens should 
be mounted facing a low-power microscope having transverse move- 
ment (see Fig. 130) and illumination provided at the back of the lens. 
The iris diaphragm is then focused with the microscope through the 
front lens or lenses and its diameter measured by the travelling 
microscope. This virtual image of the iris diaphragm is the true 
entrance-pupil. The process is repeated for the various stop-openings 
and the different F/ ratios thus obtained. 

3. Chromatic Aberration. 

If the lens is directed towards a distant pinhole illuminated by 
light from a calibrated monochromator (see Fig. 131. a) the image 
can be viewed by a microscope having longitudinal movement and 
the position of the latter recorded for the different coloured foci of 
known wavelength. 
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Pro. 181. 
Chromatic Aberration Tests. 



Alternatively, if the pinhole is illuminated by white light and a 
direct vision dispersing prism placed behind the microscope eyepiece 
(see Fig. 131, b), the image of the pinhole will be drawn out into a 
spectrum which will be constricted at various points (see Fig. 131, c) 
according to the state of the colour correction of the lens. For 
example, if the lens was designed to bring the D and G' line to a 
common focus, the appearance would be as indicated (c) and by 
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moving the microscope longitudinally each part of the spectrum may 
be brought to a point focus and the reading off the microscope will 
give numerical values from which the chromatic aberration against 
wavelength can be plotted. 

4. Spherical Aberration. 

This test may be carried out by using the set-up shown in Fig. 
131. b. and by judgment of the extra-focal appearances as described 
in Chapter III the state of spherical aberration correction mav be 
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formed. If a numerical value of the latter is required, a diaphragm 
having holes at varying apertures of the lens (see Fig. 132) should 
be placed over the back of the objective and the observing microscope 
fitted with a scale in the eyepiece. The distance apart of successive 
pans of the out-of-focus diffraction discs seen when the microscope is 
moved through a known distance on each side of the best focus can 
thus be measured. By knowing the primary magnification of the 
microscope used, and by employing the Hartmann formula given 
below, the location of the foci for different zones may be determined 
and hence the spherical aberration. 

In Fig. 133, if .1, and A. are the scale readings of the microscope 
when the distances apart of the diffraction discs are Z, and l t respec- 
tively, then the focusing point A (for the particular zone) from position 



A, will be 
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5. Measurement of Astigmatic Surfaces. 

The method under this heading given on page llfi was intended 
to illustrate the meaning of and to obtain approximate measurement 
of the astigmatic surfaces; but for more exact determinations of the 
astigmatism and curvature of field, special apparatus is required. 



120 



Practical Optics 




This consists of a collimator C (Fig. 134), a special form of lens- 
mounting and an observing microscope If. The lens mount must be 
able to rotate about a vertical axis, and should have provision for 
adjusting the lens so that its second nodal point may be arranged to 
lie immediately over the centre of rotation. The microscope stage S 
moves in a mechanical slide attached to the lens mount and thus 
ensures the maintenance of the cross-webs on the stage to be in a 
position corresponding to that of the flat photographic plate, for what- 
ever angular swing may be given to the lens. 



Mechanical 
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Rotating 
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Fig. 134. 

I'l.-m View (Diagrammatic) <>f Photographic Lena Hindi for Testing the 
Shape Hi the Astigmatic Fields. 

In order to measure the amount of astigmatism numerically, the 
lens is swung into successive angular positions and the microscope M 
is focused on the vertical and horizontal line images given by the 
photographic lens, their positions being recorded on the microscope 
scale. The difference in the readings multiplied by the cosine of the 
angle through which the lens has to be moved will give the true 
astigmatism. The position of the tangential and sagittal foci willi 
respect to the flat plate (i.e. the reading given on the microscope scale 
when focused on die cross-webs on the stage) will of course be simul- 
taneously obtained, and these can be plotted as indicated in Fig. 115. 

Test by Photography. 

Apart from the numerical tests on the individual aberrations given 
in the preceding paragraphs I to 5, it is often helpful in judging the 
performance of a lens to take a photograph of the chart shown in 
Fig. 119. But in this case it is advisable to make the chart about 10 
to 12 feet square and have it painted on a white flat wall illuminated 
by daylight. Such dimensions of the chart allow of all photographic 
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lenses between 4 and 10 inches focal length to be tested conditional 
with the fact that the object distance should be not less than forty 
times the focal length of the lens. This latter stipulation is based on 
the fact that the lens aberrations are not seriously affected by 
utilizing such an object distance. 

When such a photograph has been taken, the negative or a print 
therefrom can be examined for the following defects: 

Aberration. Indication given by test chart. 

Coma- Flared edges to the round white holes. 

Distortion. Lack of straightness of the rectangular lines. 

Astigmatism. The lines of the white crosses on the black 

circles may appear in focus in one meridian, 
and out of focus in the other. 
The concentric circles may get less well- 
defined as the edge of the field is approached. 
Poor definition of the asterisk marks and 
general lack of contrast over the whole 
picture. 



Curvature of Field. 

Chromatic and 
Spherical Aberration. 
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Resolving Power of Lens and Grain Size of Plate. 

Whilst the resolving power angle t) of a lens system designed for 
incident parallel light is given by 1.22A .4 (see Fig. 135) the resolution 
limit as set by a photographic lens 
is decided both by the radius of 
the Airy disc (see page 57) and 
the ability of the. photographic 
emulsion to resolve this distance. 
Now the radius of the Airy disc 
is equal to 0-61. A/N'. sin <;'„, and 
taking for example a photographic 
lens working at F/4 we find that the theoretical radius of the Airy 
disc is 00025 mm. 

The average grain size of a developed photographic plate varies 
from 0.005 mm. for a "slow" plate to about 0.02 mm. for "fast" 
plates, but since the silver granules are seldom arranged in regular 
spacings it is necessary to multiply these sizes by a factor of (say) 
ten in order to safely resolve the photographic image. Consequently 
it can be seen that the photographic plate does not allow the full 
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theoretical resolving power of the lens to be attained; in fact the grain 
size is about twenty times too large. 

More recent fine-grained emulsions, however, such as are used for 
microfilm work and special microphotography processes, have a grain 
size of 0.0005 mm.; but even so, this (allowing for the application 
of the safety factor of ten) is still twice too large to accommodate the 



= II 







Flo, 186, 
Colli. Chart (6c Testa on Photographic i-< me*. 

theoretical resolving power of the lens used at F/4. Nevertheless 
it will be realized that such recent emulsions are a, distinct advance 
in attempts to obtain the ideal condition of a photographic plate 
doing full justice to the lens it is being used in conjunction with. 

Practical Tests. 

To carry out a numerical lest on the resolving power of a photo- 
graphic lens it is convenient to utilize a darkened corridor with the 



lens and camera mounted at one end, and the test object (suitably 
illuminated) at the other. The latter may consist of alternate opaque 
and transparent stripes similar to that described on page 57 and the 
grating rotated through a known angular amount for a number of 
successive exposures. In this way a position of the grating will be 
found when resolution ceases, and the line separation of the object 
corresponding to this can be determined by multiplying the line 
separation (when the grating is normal to the axis) by the cosine of 
the angle through which it has been rotated, and hence the angle $ 
in Fig. 135. It is advisable to use the finest grain plate available for 
the test, for example Kodak's maximum resolution emulsion, and to 
have a mask in the camera (as suggested on page 87) so as to allow 
of several exposures to be made on one plate. 

Alternatively, one can use a type of object due to Cobb (see 
Fig. 136) which consists of a pattern of four pairs of lines becoming 
increasingly smaller towards the centre. By photographing the whole 
object on to one plate one can immediately tell by observation of 
the latter when resolution ceases, and by locating this particular 
pattern-set on the original object its dimensions and the distance of 
the camera lens will give the resolution angle indicated in Fig. 135. 
For an object distance of (say) 50 feet the maximum separation 
between the centres of the two lines requires to be about 6 mm., 
going down to a minimum separation of 0.20 mm. 

Depth of Focus (Image Space). 

The depth of focus in the image space given by a photographic 
lens may be considered as the distance through which the plate may 
be moved without causing deterioration of the image (see Fig. 137). 
In photographic work the criterion of good or bad definition is the size 
of the blurred patch or disc of least 
confusion which the eye can detect 
at normal viewing distance (i.e., ten 
inches) . Assuming the visual acuity 
of the eye as one minute of arc. the 
diameter .v of the just discemable 
image patch of a point object would 
be */!()"= 1'^ 0003 radians and therefore .v = 0-003 inches. 

So that half the depth of focus=-O.OOI5/tan{."„, and for a lens 
working at (say) F/6, the total depth of focus wiil be 0.036 inches. 
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The photographic plate must therefore be positioned to within this 
order of accuracy. 

If, however, the plate is to be enlarged instead of being viewed 
with the unaided eye, the patch size x may have to be ten times 
smaller (i.e. 0.0003 inches) than that stated above; and this will mean 
that the depth of focus will also be decreased by ten times. 




lie. 138. 



Depth of Focus (Object Space). 

In Fig. 138, B and B' are conjugate planes corresponding to object 
and image respectively for the lens A. Rays from the plane B would 
pass through a point P on their way to the lens of effective aperture 
A; hence P is imaged as a patch of diameter x/M, where M is the 
magnification. 

Then «,/x= (/> +M,)/.-!; .\W X =*.D/(A+*). 

Similarly (V.,/.v=(0-.V 2 )//l; .'..>/, -.v.D/ (/I - -.v). 

Hence the depth of focus (<>/, - -V.) = (2\./->..t ) /(/!= - x 2 ). 

[N.B.— The value of x should not exceed M x 0.003".] 

As a numerical example to illustrate the above, let us assume a 
lens working at F/6 (i.e. diameter 2" and focal length 12") and an 
object distance of (say) 30 feet. 

Then M =360"/ 12" -30 and x = M x 0.003=0.09. 

And the depth of focus= (2 x 009 x 360 x 2) / (4 - 0-0081 ) 
= 32.4 inches or 2 jeet 8 inches. 

The Future. 

The modern tendency in the design of photographic lenses is to 
increase the aperture of the lens whilst retaining the same focal length. 
This appears to be brought about by die increasing demand for light- 
gathering power and consequent reduction in exposure; such problems 
as the photography of fast-moving objects, projection work generally 



(especially in kinematography), and the photography of objects on to 
35 mm. film, all demand such requirements. This presents consider- 
able difficulties to the designer and it is only possible at present to 
remove the undesired aberrations at the expense of cutting down the 
angular field; for instance, several lenses have appeared working at 
F/l but with a total field of only 16 or 18 degrees; nevertheless, with 
the use of new and recent optical materials, progress in the design of 
photographic lenses will undoubtedly continue. 

The Schmidt Camera. 

This device is an image-forming system for use with a photographic 
plate and combines features not possessed by a lens system; but whilst 
it has some disadvantages, it may well prove a solution to many 
more instrumental problems than those to which it has hitherto been 
applied. 

M. 
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Its chief advantage is that it has great light-gathering power, it 
being possible to use it at an F-ratio of even 0.5. The system is free 
from spherical aberration and astigmatism, and has extremely small 
residuals of chromatic aberration; but has one unfortunate drawback, 
namely that the field is not flat. (The curvature of field is equal to 
half the radius of the spherical mirror.) 

The principle of the instrument is shown in Fig. 139, and consists 
of a truly spherical mirror M with a circular plate P (situated at the 
centre of curvature of the mirror) "figured" in such a way as to 
correct the aberrations inherent with a spherical mirror when used 
with incident parallel light. The plate or film is situated at the focus 
F of the mirror, and as mentioned before, the field has a curvature 
of R/2. The Schmidt plate P (whether one or both surfaces of it are 
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worked) involves the use of aspherical surfaces, and whilst the optical 
"figuring" of such surfaces is a difficult operation, the plates can be 
made quite satisfactorily. Probably the easiest form to make is that 
shown in the figure in which one surface only is figured; in this par- 
ticular case the variation in thickness At of the plate at any distance h 
from the axis can be represented by 

Aj _ »«-fc« (P/2)' 

4 (N-l) A" 
where D is the diameter of the plate and N its refractive index. 

The plate may be made in glass or quartz (if required in the U.V. 
region) and attempts have been made to mould such plates in plastic 
materials, although it is not yet certain whether the slight instability 
of these synthetic resins will allow of the accuracy required in this 
system. 

Interferometer Tests on Photographic Lenses. 

For those who may be interested in the more advanced methods 
of testing the performance of photographic lenses by means of the 
interferometer, the following reference may be found helpful: — 
R. Kingslakc. Trans. Opt. Soc. 1925, Vol. 27. pp. 94-10.5. 



CHAPTER VI 
OPTICAL GLASS: ITS WORKING AND TESTING. 

Glass-making has been known since very early times (about 2.500 
B.C. in Egypt), but " optical " glass was barely heard of until the 
second half of the nineteenth century. 

A modern glass list, howivcr, may show as many as eighty different 
varieties of optical glass, and the uninitiated find it difficult to under- 
stand why these arc necessary. The answer is to be found in the fact 
that the optical designer is able to produce better and more improved 
lenses of all kinds if he has a greater selection of glasses to draw on. 

A few examples of the advantages to be gained may be quoted: — 
Firstly, the chromatic aberration of a lens system can be greatly 
reduced by utilizing two or more glasses for its components — see 
Fig. 140. 









Secondly, the spherical aberration and the coma can be corrected 
simultaneously if suitable pairs of glasses are chosen. In Fig. 141 
spherical aberration is plotted as ordinate against various " bendings " 
of the lens as absicissa, and the familiar parabola is obtained; but by 
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suitable choice of glasses the parabola can be made to move up and 
down with respect to the horizontal axis. For instance, the spherical 
aberration curve for a hard crown, combined with a dense Hint glass. 




Era. 141. 

crosses the axis at positions where the coma has a considerable positive 
or negative value, whereas an objective made from a medium barium 
crown, combined with a dense flint, gives a spherical aberration curve 
which touches the zero axis almost at the same point as the coma 
curve crosses it. 
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Thirdly, the effects of a wide variety of optical glass assists greatly 
in the design of photographic lenses, for astigmation can be greatly 
reduced and the curvature of field rendered flatter. Introductory 
examples showing the way in which this may be brought about have 
been shown in Chapter V. 

Fourthly, in microscope objectives of high power the very short 
radius of the lens surfaces often introduces zonal spherical aberration 
which is extremely difficult to correct. But by choosing glasses with 
a large difference of v-value for achromatizing the components, the 
curves can be made shallower and the zonal spherical aberration is 
less likely to arise. This accounts for the use of such materials as 
fluorite («-value»85) being combined with an extra-dense flint glass 
(7'-value = 33) to form one or more of the achromatic components in 
a microscope objective. 

Production of Optical Glass. 

The manufacture of optical glass is a highly specialized process and 
cannot be compared with the production of other forms of glass, such 
as sheet or plate glass, or of " glassware " generally. The reason 

for this is the high standard of homo- 
geneity and freedom from internal stresses 
demanded by the needs of optical work. 
The references given below describe in 
detail the techniqne involved in the manu- 
facture of optical glass, but the broad out- 
line is as follows: — 

The sand, which constitutes the major 
content of the melt, must be chosen for its 
freedom from iron. The other ingredients, 
such as potassium, calcium, lead, 
aluminium, barium, boron, etc. (generally 
in oxide form) are specially selected and 
mixed with care and thoroughness. The 
whole is then placed in a dome-shaped crucible or pot with an opening 
to allow of stirring (see Fig. 142) and raised to a temperature — 
about 9(K)°C. — until the mass assumes a liquid state. It must be 

Wright's Mmufatlure .</ Optical Glass — Ordinance Dcpt., Document No. 2037 

Washington. 
Class Manujatlun- — Rosen fiain. 
Marson's Glass — Pulilislit-d by Pitmans. 
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kept in this state until all the " gassing " has ceased and stirred 
continually until all the bubbles arc removed. 

On cooling down, the mass of glass thus produced, tends to fracture 
and split up into a number of pieces of various sizes (see Fig. 143). 
These are reheated and pressed into flat slabs, then subsequently 
examined for freedom from cloudiness, stones, large bubbles, crystal- 
lization, etc. The best parts, which often only constitute a quarter of 
the whole weight, are again re-heated, and this time annealed. 




Fig. 148, 
Annealing. 

The annealing process consists in cooling the material very slowly 
through certain ranges of temperature. For the " crown " glasses 
this is between 500°C and 350"C, whilst with the " lead " glasses the 
sensitive range is between 400°C and 350°C. This prevents the solidi- 
fication of the outer parts of the mass whilst the inner portions are 
still hot, the case which occurs when ordinary cooling is allowed to 
take place. The latter frequently causes considerable internal stresses 
to be set up in the glass. 

Tests for Strain. 

The usual method of inspecting a specimen of glass for strain is 
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to hold it in the path of light in a polariscope (see Fig. 144). 
The field is made dark by " crossing the Nicols," and the specimen 
is rotated in its own plane. Strain will be made manifest by the 
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transmission of light in the formerly dark field, and increasing amounts 
of strain will be indicated by a grey, yellow, red and so on, in 
accordance with the order of polarization colours given in Table VIII. 

A piece of glass which shows no " lighting-up " or even a faint 
greyness is suitable for most optical purposes; but anything like a 
bright field or any trace of colour indicates bad annealing and cannot 
be tolerated. 

This test may be increased in sensitiveness by mounting a thin 
plate of bi-rcfracting material in front of the analyser. The thinness 
should be such that the retardation is one wavelength for D-light. 
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This produces a violet coloration of the field, and by reference to the 
table already mentioned it will be seen that a slight change in retarda- 
tion will produce a marked change in colour. For example, a change 
of Olu in retardation will give cither an orange colour or a britilit 
blue. 

TABLE VIII. 

Order of Polarization Colours. 

(Abbreviated.) 



relation for 

1) line [microns) 


Interference Colours 

between 

crossed Nicols 


Order 


000 


Black 




010 


Lavender-grey 


h 


0-26 


White 


X 


033 


Bright yellow 


■— 


043 


Brownish yellow 




054 


Red 




0-58 


Violet (the sensitive 


2 




violet) 


Z 


0-66 


Blue (sky-blue) 




0-88 


Light green 




0-95 


Orange 


n 


1 15 


Indigo 


11 Rl 


1-33 


Sea-green 


'— 


1 53 


Carmine 





Homogeneity. 

There may be local regions in the melt where the stirring has not 
perfectly mixed the material, but has produced threads or striM 
similar to those seen when syrup is being mixed in water. Such 
striae indicate differences in refractive index and may amount to 
one or two units in the third decimal place. 

A method for detecting such defects, as well as bubbles and other 
small specks of undissolved material, is to place the specimen in the 
path of a convergent beam of light — sec Fig. 145. A large, well- 
corrected lens, L, forms an image of a small hole or an opaque stop 
in the plane of the eye. The image diameter should be about 3 to 
4 mm. The eye- will then see the whole aperture of the lens uniformly 
filled with light in one case or uniformly dark in the second case. If, 
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then, the specimen, whose faces are polished, is placed about ten 
inches from the eye, any lack of homogeneity will be revealed by 
the appearance of either dark or light threads (depending on which 
method is used) seen in the glass. For if at some point P there is 
local variation in refractive index from the surround, rays will be 
deviated from their original path and a change in contrast will be 
readily observed. 

Optical Constants of Glasses. 

In order to be able to carry out the design of lenses and optical 
systems generally it is essential to know the refractive index of the 
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glasses required for a number of wavelengths throughout the spectrum. 
Those universally adopted are the C-line (A = 6563 A. Hydrogen). 
the D-linc (A = 5893 A. Sodium) the K-linc (A=4861 A. Hydrogen) 
and the G'-line (A = 4341 A. Hydrogen). A glass list also gives other 
particulars, such as the mean dispersion (N,- X, ). partial dispersion 
(N D - N ), (N K -N„). (N, ; N,), and the v-value 

which is the reciprocal of the dispersive power. 

Sometimes the ratios of each of the partial dispersions to the mean 
dispersion are given [e.g., 

/ N P -N C ) 
\N*p-N, ./ 
Numerical values for all the above mentioned quantities are 
important in optical calculations, and therefore they must be known 
will) accuracy. 

They can be measured by making a sixty degree prism of the glass 
concerned and using a spectrometer for the purpose. Alternatively 
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the Pulfrich refractometer may be used, in which case it is only neces- 
sary to polish two faces at right angles on the specimen to be 
measured. Table IX shows the optical constants of some typical 
glasses, together with those of some more recent optical materials." 
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Refractive Index Measurements. 

In order to determine the required optical constants of a particular 
glass it is necessary to measure the refractive indices for the C, D, F 
and G' lines of the spectrum. This can he done by employing a 



Telescope 
Eye-piece 



Divided Circle attached 
to Prism Table 
\ 



Collimator 




Slow Motion 
Adjustment 



Main Divided 
Circle 



Two opposite Verniers 



Fie. 146. 
Spectrometer. 

spectrometer (Fig. 146) and by making use of the formula N = 

. — ' L where I is the angle of the prism and 1) the minimum 

sin A/2 
deviation of the beam (of known wavelength) in passing through the 
prism. Such measurements entail previous grinding and polishing of 



Hydrogen 
Tube 



y as 



snt or 

Spectroscope 




Seconoaru 
Terminals 



Fro. 147. 



two faces of the glass specimen at approximately 60 degrees to one 
another, and then in measuring this angle accurately. (See later. ) 

The sources of light (placed in front of the spectrometer slit) for 
the minimum deviation measurements may be provided by a sodium 
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flame for the D-line and by a hydrogen discharge tube (Fig. 147) 
for the C, F and G '-lines. 

It is possible to measure the optical constants of a glass in a rough 
and unpolished state* by immersing the specimen in a liquid of similar 
refractive index contained in a hollow prism (Fig. 148) and carrying 
out the procedure as above. To do this, however, it is necessary to 
have a liquid which can be varied in refractive index, and this is 
usually done by employing two liquids (well mixed), whose relative 
volumes may be altered very slightly. 




fljfox 




F P 

l'u.. lis Fm. 149. 

Owing to the fact that the liquids frequently utilized for this work 
(e.g., carbon disulphide, alcohol, benzene, etc.) have a high rate of 
evaporation, the time for which any particular spectrum line will 
remain sharply defined in the spectrometer telescope is limited, and 
consequently measurements have to be made rather rapidly and must 
be repeated several times for reliability; furthermore, in order to keep 
the two liquids homogeneous it is advisable to have some mechanical 
stirring device in the hollow prism, but this does not always prove 
necessary. 

In spite of these minor difficulties the method has much to recom- 
mend itself, for it is extremely useful to be able to obtain the optical 
constants of any irregularly shaped piece of glass, of moulded blanks 
with greyed surfaces, or of finished lenses which must not be damaged, 
to quote only a few examples. 

Whilst the spectrometer may be looked upon as the fundamental 
instrument for refractive index measurements, other instruments 
designed solely for refractometery arc employed for measurements 

*!.. C. Martin— Trans. Opt, Soc. 1916— Vol. 17— p. 76. 

• For the complete setting-up and use of a spectrometer the reader is referred 
to " Practical Physics " (W. Watson), page 290. 
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on optical glass. One of these is the Pulfrich refractometer, which is 
in considerable use by glass manufacturers. 

The principle of this type of refractometer will be seen from 
Fig. 149. The substance whose refractive index (N,) is to be 
measured is placed on the top of a glass block of known refractive 
index (N,). A liquid of refractive index N,, or slightly higher, may 
be interposed between the surfaces. The angle between the vertical 
and horizontal surfaces of the prism is usually very accurately ninety 
degrees. If, then, light enters the material N, from a position L, 
that above LO will enter the Pulfrich prism, whereas that in the direc- 
tion LO will graze the two surfaces in contact, pass along the direction 
OA and emerge along AP. A telescope looking in the direction PA 
would see a band of light with a sharp boundary line on the upper 
side. 

The angle through which these " grazing " rays have been refracted 
is (90° -r) and represents the critical angle of the Pulfrich block 
with respect to the substance above it, and depends solely on the 
refractive indices of the two materials. The angle, /, at which the 
beam emerges into the air depends on the magnitude of the angle r, 
and is measured with the refractometer. Considering the refraction 
at the two prism faces in turn, we have 

N,.sin90° = N l .sin (90°-r) 
and 

sin i=N,.sin r 

Whence 

N^^N^-sin-V. 

Tables are supplied with the instrument whereby the refractive index 
may be determined directly for all values of i. 

Fig. 150 shows a general view of the refractometer, in which the 
Pulfrich prism block F, the telescope T and the divided circle S may- 
be seen. The telescope is an auto-collimating one, in order that a 
back-reflected image of the graticule may be obtained from the prism 
face F, to give the circle reading for the normal at that surface (i.e., 
to get the initial zero reading). Readings of the grazing incidence 
boundary line for the D-line of sodium, the C, F and G' lines of 
hydrogen are then taken, and the refractive indices of the specimen 
for these various wavelengths are obtained from their respective 
angles, »„, i, . i r and i,„ . 
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Glass Working. 

Optical glass is supplied either in thick slabs, which have to be cut 
up along all three dimensions to obtain small plates required for 
individual lenses, or in thinner plates of approximately the required 
thickness, which only have to be divided into squares, or finally in 
pieces moulded to the approximate shape of die lens or prism which 
is to be made from them. Obviously the last form implies the least 



Thermometer 




Clamp for 
'OY Hydrogen 
Tube 



Pro 150. 
I'ulfHcli Rafractometer, 

amount of preparatory work and therefore appears the most desirable 
for optical parts which are to be manufactured in large numbers. 

However, as slabs of optical glass are still supplied by the glass- 
maker in large quantities, a word should be said about the dividing- 
up of such slabs. For pieces up to one quarter of an inch in thickness, 
the strips or squares may be cut with a diamond or steel-roller glass 
cutter, tapped on the underside until the cut " splits through." and 
then breaking off the piece by resting the cut line along a sharp 
edge of the table, for example. 

For thicker slabs, a power hack-saw having a copper blade well 
supplied with carborundum and water, may be utilised. The glass 
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is held down firmly in position and the copper blade made to traverse 
the line where the cut is to be made. 

Another method is to use a slitting machine; this consists of a round 
disc about 8 to 10 inches in diameter of soft sheet iron attached to a 
spindle resembling the headstock of a lathe, the spindle being power- 
driven and revolving at about 500 to 600 turns per minute. The edge 
of the slitting disc has small diamond splinters embedded in it and 
it is due to their presence that the machine is capable of cutting 
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quickly through glass and even harder substances. In actual use 
the lower part of the disc dips into a trough containing a quantity 
of turpentine or paraffin, so as to keep the whole of the surface in 
contact with the work wet all the time. The machine usually has 
some mechanical arrangement for holding and guiding the glass to 
be cut. Fig. 151 shows such a machine in operation. 

The " Roughing " of Lenses. 

The second stage in the production of lenses consists in bringing 
the square plates of approximately the right size and thickness close 
to the final form of a round lens with the intended curvatures and 
axial thickness. The first operation is to " shank " or nibble off the 
corners of the square plates with a tool known as a " pair of shanks "' 
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(see Fig. 15*2) or to cut them off with a glass cutter and hold 
them against a revolving stone. 

These roughly round plates are then cemented* together by tluir 
fiat faces so as to form a roll of them (similar to a roll of coins) 
(Fig. 153.) These rolls of blanks are then ground free-hand on a flat 
revolving tool until the roughness of the edges has been removed and 
a fairly smooth cylinder of the required diameter has been obtained. 
In skilled hands this is attained in a surprisingly short time. 

The blanks are then uncemented and prepared for grinding the 
correct curvatures on their surfaces. 

For removing the major portion of the glass, special grinding 
machines (such as. for example, the Adcock and Shipley Grinder) 
.u v frequently used, and this process is followed by applying the lens 
blanks to the proper grinding tools. 

The grinding tools, which are generally made of close-grained cast 
iron, are brought very close to the desired curvature by turning them 
in a lathe until they fit a metal template of the correct radius; and 
after grinding convex and concave tools together, they arc measured 
with a dial gauge ring spherometer (described on page 145) to deter- 
mine whether the finished radius is correct. 

The glass blanks are then held with pitch on to one of the tools 
and this tool is screwed on to the vertical rotating spindle of the 
machine. The other tool is then placed on top with an abrasive 
(mixed with water) between the surfaces and whilst the lower tool 
rotates, the upper one is given an automatic and continuous side-way 
movement. This grinding process is continued, using successively 
smaller and smaller grain-sized abrasives, until a fine-ground surface 
of the glass, free from scratches, is obtained. 

The polishing process is carried out by rubbing the fine-ground 
surface on a pitch lap carrying wet rouge or tin oxide as a polishing 
medium. The " polisher *' is made by covering the surface of the 
tool with a layer of melted pitch (suitably tempered in hardness by 
mixing it with other ingredients such as resin or tallow), which is 
moulded, as it cools, with the tool of the desired radius. A number 
of grooves are cut into the pitch lap partly to allow for the removal 
of debris and partly to retain the rouge paste. Polishing is continued 
until all signs of " greyncss " disappear. The surface should be 

\ suitable cement is made by mixing equal parts of lieeswax and resin, 
and applying this hot. 
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continually viewed with a hand magnifier to see that no scratches occur 
during the process. 

Principle of the Grinding and Polishing Processes. 

Mention has been made of the grinding and polishing machines in 
which there is one vertical rotating spindle and one moveable arm 
for producing a reciprocating movement. It is well to understand 
why these machines take this form, and a very brief treatment of 
the principles involved in grinding and polishing processes will not 
be out of place here. 
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Let us suppose we have two surfaces in contact with abrasive and 
water between them (Fig. 154), the lower surface rotating and the 
upper surface remaining fixed. As each affective grain of abrasive will 
remove material in proportion to the distance through which it rolls 
and slides in a given time, and as there are more and more particles 
on successive circular zones of the discs in proportion to the distance 
from the centre, it follows that with ihis arrangement the outer parts 
of each tool would get worn down more rapidly than the centre parts. 

If on the other hand we rub the two surfaces together without any 
rotation, but with a straight line stroke as indicated in Fig. 155, ail 
the abrasive particles move at the same speed while they are between 
the surfaces, but they will be in action for different amounts of the 
total time occupied by the stroke. In the case of the diagram (where 
the stroke is indicated as being equal to the diameter) only the centres 
of the discs would be in contact all the time, whereas the extreme 
edges will undergo grinding only when the moving disc passes through 
the central position. Without going into greater detail it will be seen 
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that this arrangement tends to produce wearing down of the surfaces 
in the central parts. 

So that, by combining a rotary and a reciprocating movement of the 
two tools a more uniform wearing down of the whole area of the two 
surfaces is obtained. These simple facts govern all grinding and 
polishing processes. It will be realized also that by altering the length 
of the stroke of the upper tool one can control the radius of the glass 
work to some extent; for example, by shortening the stroke the wear- 
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lour Spindlr Grinding and Polishing Machine. 
(Courtesy of Messrs. Brynnt. Symons & Co.) 

ing down would occur more at the edges of the work and therefore 
the radius would tend to be made shorter, and vice versa. This 
control is useful in the finishing stages of a lens surface. Fig. 166 
shows a four spindle grinding and polishing machine, the arms B 
for producing the reciprocating motion arc adjusted in stroke-length 
by a mechanism on the wheel C. 

Abrasives. 

Hard particles like emery and corundum may act in two entirely 
different ways when placed between closely fitting surfaces moved 
relatively to one another. If they arc loose they will tend to roll 
between the .two surfaces; whilst, if they are firmly fixed to one of 
the surfaces, they will scratch one another and produce a crude form 
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of polish (e.g.. emery paper). Under the conditions existing in the 
optical grinding process we have an intermediate state of affairs, a kind 
of retarded and intermittent rolling action due to the viscosity of the 
water with which the abrasive is mixed. For example, if we attempt 
to grind with loose dry abrasive, there is a grinding action, but pro- 
gress is extremely slow, due to the fact that only the large grains 
are rolling forcibly between the moving surfaces, whilst the vast 
majority roll and slide about idly without producing any effect. 
Whereas, if a little water is added to the abrasive, then a strongly 
adherent film forms at boih surfaces and practically all the particles 
come into effective action and consequently the process is greatly 
speeded up. Hence the reason for the wet-grinding process. 

For the initial stages of rough grinding, the fastest cutting aiid most 
generally used abrasive is carbide of silicon (commercially known as 
carborundum). The particles (average grain size 0-6 mm.) are hard 
and sharp, but also brittle, and for this reason do not bear so much 
pressure as the more robust emery particles. Kmery, which is impure 
aluminium oxide, is used for the successively finer grinding processes 
in order to bring the glass surface into a state suitable for 
polishing. 

Coarse emeries are graded by passing them through sieves having 
meshes of from 40 to 80 holes per inch (i.e., grain size decreasing 
from about 0-6 mm. to 0-3 mm.). The finer emeries are designated 
as 1 minute. 2 minute, 5 minute, 20 minute and so on up to 100 
minutes, these figures being based on the time occupied by the grains 
in sinking down in a vessel of water one metre high and 30 cm. in 
diameter. The procedure is to stir up all the emery in the water 
and then to allow the vessel to stand for the period required (e.g.. 
20 minutes) . The water with the remaining floating emery is then 
decanted by syphon into a very clean vessel and allowed to stand 
for two or three days, after which time the water is thrown away 
and the deposit dried. This would be called the 20-minute emery. 
The particle size of emeries frequently employed in reaching the final 
line-grinding stage are as follows:— 

Emery. Particle Size. 

• minute 017 mm. 

5 minute 007 mm. 

20 minute 004 mm. 

60 minute 002 mm. 
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It will be realized that the regularity of grain size in any one grade 
of emery is importnat, otherwise scratching of the glass surface will 
result, and therefore it is desirable to examine periodically with the 
microscope (using a magnification of about 100 times) various batches 
of emery. If a scale is mounted in the eyepiece and the primary 
magnification has been previously determined, the actual particle size 
can be measured. 

Mention must also be made of Sira abrasive (introduced by the 
British Scientific Instrument Research Association in 1923), which is 
a further form of Al a 3 . This a fine grained (particle size 
A = 0-083 mm.. Sira B = 0028 mm.) quick cutting abrasive and 
extremely regular in grain size; it gives a ground surface with shallow 
pits of even depth and is becoming increasingly used by glass workers. 

As polishing may indeed be looked 
upon as an extension of the abrasive 
action, it is of interest to note that 
rouge (Fe..0 3 ) the medium generally 
utilized for polishing processes has a 
particle size of about 0005 mm. 
Sira rouge will also be found to be 
excellent for optical work. 

Edging. 

When the two surfaces of a lens 
have been brought to a finished state 
it is necessary to put on a smoothly 
ground edge to the lens, and this 
edge must be concentric with the line 
joining the centre of curvature of 
each surface. The process consists 
in mounting the lens with pitch on to the end of a brass tube (slightly 
smaller in diameter than that of the finished lens) screwed to a 
horizontal rotating spindle and then bringing a flat metal plate well 
charged with wet abrasive slowly to bear against the edge of the 
glass. Fig. 157 shows the operation in progress as carried out by 
hand, although there are in most glass shops automatic edging 
machines. 

A word should be said about the initial centring of the lens prior 
to edging. An illuminated letter T is viewed by reflection at the two 
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surfaces of the lens and the spindle rotated; if the two images seen 
do not remain stationary the lens is not properly centred, and by 
keeping the brass tube or chuck slightly wanned the lens can be 
moved about until this condition is secured. 

A fuller and more detailed account of various other processes in the 
working of optical glass may be found by referring to Prism and 
Lens Making, by F. Twyman (published by Adam Hilger, Ltd.. 
London), Modern Physical Laboratory Practice, by J. Strong (pub- 
lished by Blackic and Son, Ltd), pp. 29-92, and the Dictionary of 
Applied Physic*. Vol. 4, pp. 32R-349. 

Testing of Finished Optical Surfaces. 
Radius of Curvature Measurements. 

When lenses, prisms, flats or mirrors have reached their final 
polished stage, means must be available for testing the surfaces to see 
whether they comply with their specified accuracy. 

Spherometers. 

Dealing with lenses first, it will be realized that the radii of the 
spherical surfaces which have to be measured will vary from quite 
short to quite long distances, but a very large majority of surfaces 
(covering most work) will be from about two inches radius up to 
about twelve inches radius. For such a range of work the sphero- 
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meter is generally employed; this instrument is based on the principle 
illustrated in Fig. 158, in which BDA is the spherical surface (of 
radius OA = r) resting on a ring whose diameter is BA (i.e., radius 

CAr^c). 
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The distance CD = h is generally measured by means of a micro- 
meter screw, from which the following relation is valid:— 

c*+h 3 

r= -2h~ 

There are various forms of spherometer as shown in Fig. 159. and 
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whilst they may have defects from a theoretical point of view, ii 
appears better from the point of view of accuracy in readings and 
consistency in use, to retain the micrometer screw for measuring CD 
and a parallel-sided hardened cylinder for resting the curved surfaces 
on. The advantage of the "ring" type of spherometer over the "three- 
legged " or " steel ball " types, is that the micrometer screw can be 
positioned much more accurately in the centre of the spherom< n r 
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circle BA. and further, if the internal or external edges of the hardened 
steel ring should wear, the sharp edges (and therefore- the same 
internal and external ring dimensions) can be maintained by grinding 
off the top of the ring. The difficulty (nearly always experienced) 
of deciding when the end of the micrometer screw is in precise contact 
with the surface being measured, may be overcome by utilizing a 
device shown in Fig. 160. in which the point of contact is observed 
with a low-power microscope. The appearance seen (Fig. 160a) 
is that of the steel point or sphere and its image reflected in the surface 
under test, the micrometer screw being adjusted until the two images 
just appear to make contact. This is a particularly sensitive setting. 
Alternatively a microscope with vertical iliuminator'is fitted above the 
surface and the Newton's ring system formed between the surface 
of the sphere and that of the lens is observed, a method due to Guild. 
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Short Radius and Small Diameter Surfaces. 

There are many cases, such as eyepiece lenses, microscope lenses, 
etc., where the diameter is so small that a spherometer could not be 
used satisfactorily. In order to measure the radius of such lenses an 
optical method is generally employed similar to that illustrated in 
Fig. 161. A microscope fitted with a side tube carries an illuminated 
cross-line C; an image of this is formed by a microscope objective (of 



about 1 in. or 2 in. focal length), via the plane glass reflector P 
at the point S',. If now the concave or convex surface to be tested is 
placed at this point a back-reflected image of C will be formed in 
the focal-plane F of the eyepiece. The surface is then moved to a 
position S„ such that the rays strike the surface normally when a 
second image of C will be seen. The distance S,S = (measured by 
means of a micrometer screw) will give the radius of curvature of the 
surface. 

(a) 







Reflected 
image 
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Method for Detecting Contact between Micrometer Screw and Surface 

under Test. 

Two points should be borne in mind when carrying out this test. 
firstly the back surface of the lens should be smeared with vaseline 
to prevent any additional reflection therefrom; and, secondly, the 
objective used should have as small a depth of focus as the working 
distance and radius of the surface will allow, for this will obviously 
affect the accuracy of setting with the micrometer screw in any 
particular case. 

Long Radius Surfaces (Concave). 

Long radii, such as those met with on the last surface of a telescope 
objective, for example, or long focus lenses generally (where the 
radius may be several feet in length) present some difficulty in 
measurement, because, although the surface may be large enough to 
allow the spherometer to be used, the accuracy in radius determination 
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is poor on account of the sagitta distance CD (Fig. 158) being very 
small. 

For long concave surfaces a modified form of the Foucault knife- 
edge method is probably the most suitable. This is depicted in 

t4>t 




Fig. ihi. 



Fig. 162. The surface to be measured is held in a suitable support 
mounted on a long optical bench, and to the right is a special fitting 
carrying an illuminated pinhole and a moveable knife-edge mounted 
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Flo. 162. 
Radiim of Curvature Measurement by Knife-Edge Method. 

in the same vertical plane. Light from the pin-hole is sent up towards 
the concave surface and is reflected back so that it comes to a focus 
in the plane of the knife-edge, but the accurate setting of this con- 
dition is fulfilled by placing the eye close against the knife-edge and 
viewing the surface (which should appear wholly illuminated) and 
then moving the knife-edge slowly across the eye. If, when doing 
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this, the surface darkens uniformly, the knife-edge will be precisely 
at the focus of the pin-hole and therefore at the centre of the curvature 
of the surface. The absolute distance between the kinfe-edge and the 
pole of the surface may be obtained by taking the readings on the 
optical bench given for the positions of the two mounts and then 
applying the necessary correction indicated by the use of a rod of 
known length, one end of which is placed in contact with the surface 
and the other with the knife-edge. In order to remove back- 
rcllections from the other surface of the lens, vaseline may be applied 
as mentioned in the previous section. 

Long Radius Surfaces (Convex). 

The foregoing method cannot be used for convex surfaces, for 
the image of the pin-hole produced by reflection at the surface would 
be a virtual one and could not, therefore, be received in the plane i 
of the knife-edge; so that other means have to be employed. One 
method due to Kohlrausch* is shown in Fig. 163. Two illuminated 
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Iig. 163. 
Measuremrnt of Long Radius Convex Surfaces. 

slits, S, and S 2 , are viewed reflected in the convex surface by means of 
a telescope arranged as indicated. The separation of the virtual 
images of S, and S, as seen at the surface are measured by placing 
a glass scale in contact with the former. If 1 is this distance, 1. the 
separation of the real slits, and 1) the distance (preferably several 
yards) between the lens surface and the slits, then it can be shown that 
the radius of the surface 

2.D.I 



r = 



L-21 



I'hysical Measurement!' — 1". Kohlrausch, p. 12-1. 
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The method is applicable for measurement of concave surfaces also, 
in which case 

2.D.I 



Another method 
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Fig. 164. 



surface 



L + 21 
for long radius determination is to utilize the 
interference fringes (Newton rings) 
produced when a true optical flat is 
rested on the curved surface to be 
measured. By using a measuring 
microscope fitted with a vertical 
illuminator (Fig. 164) and employ- 
ing monochromatic light a large 
number of rings can be seen and 
measured. If </, and </„ are the 
measured diameter of two rings 
which have (k-1) intermediate rings 
between them, then the radius of the 



4k x wavelength 
Sodium light or the mercury green line may be used, in which case 
the wavelength will be 00005893 mm. or 00005461 mm. respectively. 

Test Plates. 

When lenses are to be produced in large quantities, the testing of 
the radii of the surfaces is generally carried out by fitting them to a 
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master test plate instead of measuring each surface individually by 
one of the means already mentioned; the latter procedure taking too 
long for mass production methods. 
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This consists in making the test plate first (as described later) and 
then placing the finished surface carefully in contact with the former 
and observing the interference pattern seen by reflected diffused light 
(Fig. 165). If the surface (being made) fitted the test plate surface 
perfectly only one colour would be seen over the whole area of the 
lens, but more usually a number of circular fringes are seen. 




l-ic. 166. 



Let us consider what occurs when light is incident on an air film 
between two glass surfaces (i.e., when the surfaces do not fit exactly). 
In Fig. 166, OA is an incident ray travelling in glass of refractive 
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Interference Figures with Curved and Fht Test-Plates. 

index N and meeting the air film of refractive N 1 at A. Part of the 
light will be reflected along AB and part refracted along AE; the 
latter ray will be reflected at E and refracted into the glass again at 
C. It can be easily deduced that the retardation XD between the 
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two portions of the beam is equal 10 V.2/. cos »', where I is the thick- 
ness of the air film and i 1 the angle of refraction. If this retardation 
is equal to one wavelength or a multiple of a wavelength of the light 
being used, then a dark interference fringe will be seen on the surface 
at A. (At first it would appear that the difference in path length 
between AB and AEC should be half a wavelength in order to produce 
interference, but it must be remembered that there is a phase change 
of A/2 by reflection at the rarer-to-denser medium at the point E). 

Thus, by looking in the direction BA, any lack of fitting of the 
surfaces would be indicated by the appearance of alternate light and 
dark interference fringes, any one fringe corresponding to a constant 
thickness t of air film throughout the surface; for example, the appear- 
ance might be that shown in Fig. 167, which may be looked upon as a 
contour map of the surface under examination. 

In order to determine whether the contact is at the centre or edges 
of the standard test plate, it is only necessary to move the head so 
that the angle of incidence of the light on the surfaces is changed. 
For instance, if we move the head downwards, thus increasing the 
angle i and therefore i', the quantity N',22. cos i' (giving the retarda- 
tion for any particular fringe) will be decreased numerically — for as 
i' increases, the cosine of t' decreases — and therefore for any particular 
fringe to maintain its original retardation it must move to a region 
of greater air thickness. So that if the fringes expand from a centre, 
contact in the centre of the test-plate would be indicated, whereas 
if they contract to a centre there would be contact on the edges. This 
test is particularly useful when applied to testing a so-called flat 
surface against a standard optical flat, for obviously one can tell 
whether the surface being made is relatively convex or concave and 
the polishing stroke can be arranged to correct this. 

Instead of using oblique illumination (shown in Fig. 165) for the 
examination of the surfaces, sometimes vertical illumination is em- 
ployed and an instrument known as an interfcroscope can be used 
(Fig. 168). Light from an extended monochromatic source is re- 
flected downward by a plane glass reflector and rendered parallel by 
a lens L. On returning from the surface under test the light is brought 
to a focus in the plane of the eye and the interference fringes are 
seen. For this case where normal incidence of the light is used, the 
angle i' is ninety degrees and therefore its cosine is unity, so that 
from the foregoing equation the retardation between the two portions 
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of the beam reflected at surface 1 and 2 (see Fig. 168b) is equal to 

( 2 ' ~q) (The a/2 represents the phase change by reflection at the 

di riser medium, i.e., at surface 2). Consequently the first dark fringe 
seen from the centre outwards (e.g., if a flat surface is rested on a 
convex surface) would occur when 2/ = wavelength of the light being 
utilized, in other words, when the air space is equal to half a 
wavelength. 

We may, therefore, with this apparatus draw out the surface under 
test to scale, mark the position of the fringes; and knowing that each 
dark fringe corresponds to an increase in air space of A/2 a sectional 
diagram can be made giving the absolute values for the departure of 
the surface from the standard test-plate. 




Plone 
gloss 
rejector 



#ZWv Jfa'/A/y 



under test 



am t 






FlO, 168. 



The Making of Test-plates. 

The optical " flat " or " proof plane " is of such importance in 
the workshop and testing-room that we will deal with this first. The 
principle is based on the geometrical properties of the plane surface, 
namely, that the plane is the only possible surface which is self- 
congruent in all possible positions. Consequently, if we make the 
surfaces of two separate glass plates to accurately lit the surface of a 
third plate and try the first two plates on one another; then, if they 
fit, the three surfaces will be true planes. If they do not fit, they 
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provide means of systematic improvement until a sufficiently close 
approach to the ideal plane is secured. 

The practical procedure is to commence with three circular plates 
of glass (clearly marked I, 2 and 3) and to finely grind the surfaces. 
No. 1 is then sufficiently polished to show Newton's rings and is used 
as a preliminary standard by which No. 2 and 3 are controlled. No. 2 
and 3 are also polished until their surfaces fit No. 1 much more 
closely (i.e., show fewer rings), than they fit each other. Let us 
assume that 2 and 3 are found to be convex; we then " figure " them 
alternately and equally until their fit is greatly improved. We go 
back to No. 1, which will now show marginal rings when fitted with 
2 or 3, and No. 1 is now polished down until the marginal fringes 
disappear. This process is repeated until each plate begins to show 
colour when applied to the other two. and then continued until the 
desired state of perfection (e.g., one colour over the entire area of 
the plates) has been reached. 

Other Methods of Testing a Plane Surface. 

A plane surface may be tested by relying on optical principles only; 
for a plane is the only surface which can produce a perfect image 
of a luminous point obliquely reflected in it— a spherical surface 
(however slight) will produce an astigmatic image. Making use of 
this principle, the test consists in viewing a distant point object (i.e., 
an artificial star) with a well corrected telescope after the light has 
been reflected obliquely in the surface under test (see Fig. 169). 
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Fro. 169. 

By examination of the expanded star-image (i.e., by racking the 
eyepiece in and out of focus) the state of the surface can be judged. 
For if the surface has the slightest tendency towards astigmatic form 
this will be indicated by elliptical expanded images on each side of the 
best focus; whereas, if the surface is truly plane, circular patches of 
light will be seen. If the surface is laid in a horizontal position, and 
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if its form is concave the image will expand into an ellipse, with 
the long axis horizontal when the eyepiece is inside the best focus and 
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an ellipse with vertical long axis outside the focus. With a convex 
surface the appearances will be reversed. The test is a very searching 
one, and minute amounts of sphericity can be detected by its use. 
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Curved Test-plates. 

The making of a master test-plate against which other spherical 
surfaces are to be examined, calls for especial skill and care; hut the 
task is made easier by employing a method suggested by A. E. 
Conrad}' several years ago. The underlying idea was first introduced 
when attempting to check the radii of microscope lenses; concave test- 
plates were made to fit (by Newton's rings) a previously made hyper- 
hemisphere of glass, which could be measured by micrometer gauge 
across its equatorial diameter. Such a measurement can be accurately 
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taken and, moreover, any error will be halved as far as the radius is 
concerned; for example, it is found that radii up to half an inch can 
be secured to within 0001 mm. (one thousandth of a millimetre) of 
their prescribed value by this method. 

In order to extend this principle for use with longer radius test- 
plates, a procedure involving disc-gauges was utilized. Obviously 
a complete hyper-hemisphere of glass of, say. one foot in diameter 
(for a 6-inch radius) would be both cumbersome and wasteful of 
glass, so that whilst keeping the diameter, only a narrow (half inch 
wide) equatorial zone is used (see Fig. 170). The edges of this so- 
called disc-gauge are polished until the extreme diameter is twice the 
specified radius. By resting the polished test-plate down on to the 
disc -gauge (see Fig. 171) elongated Newton's rings will be seen 
between the surfaces somewhat as indicated in Fig. 172 and only if 
a complete fit is obtained will the fringes extend over the full diameter 
of the test plate. The diameter of a disc for use up to six inches can 
be measured to within 1/100 mm., which represents an accuracy of 
1/200 mm., in the radius, or 0003 per cent. 

This is considerably better than that obtainable with the sphcro- 
meter, whose accuracy for a similar radius is of the order 003 per cent. 









When once the correct radius of the concave test-plate has been 
attained, a convex test-plate is made to fit the former so that a 
uniform interference colour is seen over the whole area. 

Angle Measurement of Prisms, Parallel Plates, etc. 

The testing of prisms for angle is an important part of the optical 
workshop routine. The general order of accuracy demanded by most 
work is to within five minutes of arc of the specified angle, but there 
are a number of cases when the accuracy called for is to within a few 
seconds of arc. 

One of the more convenient methods for such measurements is to 
use a back-reflecting telescope in conjunction with a horizontal table- 
having a graduated circle. Such a form of goniometer is shown dia- 
grammatically in Fig. 173. The telescope is fitted with a small side- 
tube carrying a cross-line, the light from which is reflected down the 
telescope, rendered parallel by the object-glass, back-reflected from 
the face of the prism under test, and brought to a focus in the plane 
of the Ramsden eyepiece, where there is a second cross-line. (The 
distance AI3 and BC are arranged to be equal). So that in order 
to measure the angle DEF, for example, an image of the cross-line A 
is received from the faces DE and EF in turn, die angle reading on 
the divided circle being taken in each case. The prism angle will be 
the compliment of that read off the rotating prism table. It will be 
realized that both telescope and prism table should be rigidly mounted 
on the same base and that the circle should be divided according to 
the accuracy required, but for most cases if the reading by vernier 
is to 30 seconds of arc this will generally suffice. 

Right-angled and Sixty Degree Prisms. 

The instrument described in the foregoing paragraph will allow 
the measurement of a prism with any numerical value for its angle, 
although it necessarily must be well and accurately made. But a 
large number of prisms in optical work are right-angled prisms with 
two forty-five degree angles, or prisms which utilize a right-angle in 
their construction (such as a pentagonal prism, for example), and a 
much simpler and less costly instrument can be used for the measure- 
ment of such prism angles. This is the auto-collimator, the optical 
system of which is shown in Fig. 174a. The graticule G is mounted 
at the focus of the object glass and the zero line of this graticule is 
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illuminated by light passing through the small 45 degree prism a; 
indicated, so that if the parallel beam thus emerging from the ob- 
jective is received on to a truly plane mirror, it can be reflected back 
into the object-glass and brought to a focus again in the plane of the 
scale. If the scale is divided in tenths of a millimetre and the focal 
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length of the O.G. is 33-3 cm. (approx. thirteen inches) , each division 
will correspond to an angular subtense of 1 minute of arc; and using a 
fairly high power Ramsden eyepiece a fifth of one scale division can 
be estimated, corresponding to twelve seconds of arc. The auto- 
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Levelling Tabic foi use with Aato-Collimator, 

collimator tube can be held in a suitable metal stand shown in 
Fig. 174b, the arm A being swung into any desired position within 
the semi-circle and clamped by a winged nut. A levelling table 
having three balls on its upper surface (see Fig. 175) for resting 
the prisms or plates on. will complete the apparatus. 
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Tests with the Auto-Collimator. 

In order to determine the error in the 90° angle the auto-collimator 
may be directed towards the hypotenuse face of the prism, when 
two brightly illuminated images of the graticule zero line will be seen 
in the eyepiece. These images come from light which has been 
internally reflected from the other two faces and has again emerged 
from the hypotenuse. If i is the error from the true 90° angle, then 
ray (1) Fig. 176 will undergo a change in direction of 2a. N., when N 
is the refractive index of the glass; similarly, ray (2) will be deviated 
by this amount, and consequently the total angular separation of 
the images as measured on the eyepiece scale will be N.4*. Assum- 
ing a nominal refractive index of 1-5, the error measured with the 
auto-collimator will therefore be six times the real error of the ninety 
angle. 
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Fig. 177. 



This measurement, whilst giving the numerical value of the error, 
does not tell us whether the angle is greater or less than ninety. To 
determine this, it is advisable to place the prism very carefully in 
contact with an optically flat surface (see Fig. 177). direct the auto- 
collimator as indicated, and measure the error in the exterior 
angle — this will be a check on the previous method — then whilst 
observing, the prism should be tilted over in the direction of the 
arrow and the direction in which the two images move should be 
noted. If the two images come together the exterior angle must be 
greater than ninety degrees, whereas if they continue to separate 
the exterior angle must be less than ninety. With this knowledge 
and the magnitude of the error, the real value of the so-called ninety 
angle may be obtained. 
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To determine the absolute values of the 45° angles the prism should 
be rested on the three steel balls mounting indicated in Fig. 178 and 
a reflection received from the hypotenuse face only. — To prevent con- 
fusion from the other reflected images, the prism face AC and BC 
should be smeared with vaseline. — Having noted the reading of the 
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Fig. 179. 



reflected image on the eyepiece scale, the prism is now removed and 
placed on the three steel balls, such that the face AC now occupies 
that previously occupied by BC; the reading on the scale is again 
noted. The angular amount thus read off will represent twice the 
difference in angle between A and B. By observing the direction in 
which the image has moved, it can be shown which is the larger of the 
two angles; and in this way (with a knowledge of the value of the 90° 
angle) the true values of the 45° angles can be determined. 

Sixty Degree Angles. 

The prism is rested on the three steel balls and the auto-collimator 
arranged to receive light reflected from the face AB (Fig. 179). The 
reflected image line is read on the eyepiece scale; the prism is then 
turned round so that the angle C occupies the position previously 
held by A and the reading again taken on the scale. This difference in 
angle as given on the scale will be equal to twice the difference between 
angle A and angle C. Similarly, by placing angle B in the position of 
angle A, the difference of B from A may be obtained. Hence B and C 
can be expressed in terms of A in the equation A+B+C=180° 
Having therefore determined the absolute value of angle A, those for 
B and C may also be obtained. 

Parallel Plates. 
Lack of parallelism of the two faces of a so-called parallel plate can 
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be determined by receiving reflected images from the upper and lower 
surfaces of the plate (see Fig. 180) and measuring the angular 
separation 6 indicated on the eyepiece scale of the auto-collimator. 

The angle i (which is the error in parallelism) can be shown to be 
equal to 1/2 (0/N) and if the refractive index N is taken as la, 0/3 
will give the real angle x. 

It is useful also to know the 
direction of the " prism " on such a 
plate, and by rotating the latter in 
its own plane on the steel balls the 
two images will vary in separation. 
The position at which maximum 
separation occurs will give the 
" prism " direction. 

Naked Eye Methods for Angle Measurement. 

Right-angled prisms having 45 degree angles may be tested for angle 
to within two minutes of arc by means of the naked eye alone without 
any special apparatus. If we hold a right-angled prism at arms 
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Fig. 181. 
Nakwl Eye Tests on Prisms (90° Angle Correct). 

length and look into the hypotenuse face, we see a virtual image of 
the iris of the eye reflected in the roof edge of the prism (see Fig. 181). 
Assuming rays (1) and (2) going towards the prism from the edges 
of the iris AB, they will return from reflection along the same paths 
if the right-angle is truly ninety degrees, and a circular image of the 
iris will be seen as indicated on the left of the diagram. 

If the right angle is less than 90 degrees, the rays (1) and (2) 
returning after reflection (see Fig. 182) will give virtual images A' 
and B 1 of the iris AB and the appearance will be that of an elliptical 
image with its long axis at right angles to the roof edge. Whereas, if 
the right angle is greater than ninety degrees (see Fig. 183), the ap- 
pearance will be that of a contracted image of the iris with the short 
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axis of the ellipse at right angles to the roof edge (i.e., a cat's eye 
appearance) . 

In order to obtain an idea of the numerical accuracy available by 
this simple but effective method, let us assume that the error in the 
ninety degree angle is »; then from Fig. 176 the total deviation between 
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Fro. 182. 
Right Angle less than 90°. 

the two rays (1) and (2) emerging from the prism will be N.4*. and 
with N=l-50 the magnification effect will be six times that of the 
actual angle a. So that if the error in the ninety angle was one minute 
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Fig. 183. 
Right Angle greater than 90°. 

of arc, this would be seen as six minutes. Now, as the prism is held 
at arm's length (say, 24 inches) six minutes of arc corresponds to 
00017 x 24 = 0041 inch or 1 millimetre. The average diameter of the 
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Fio. 184. 
Test on Base Angles. 

pupil iris may be taken as 4 mm., so that 1 mm. variation is round- 
ness of the image should be easily detectable; thus it will be seen that 
the test is a fairly critical one and it is rather surprising to find that an 
accuracy of one or two minutes of arc can be obtained numerically 
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without any auxiliary apparatus whatever. Errors in the ninety angle 
exceeding ten minutes of arc may result in images of two complete 
eyes being seen, and the separation of these can be measured by 
holding a millimetre scale on white celluloid close to the lower lid 
of the eye so that the reflected image of this is seen in juxtaposition 
with the image of the two pupils. 

Test on the 45° Base Angles. 

The difference in error bewteen the two base angles of such a prism 
may be tested by viewing a distant object after reflection externally 
and internally from the hypotenuse face shown in Fig. 184b. 

A boldly marked cross-line (Fig. 184a) with divisions marked on it 
corresponding to 5 minute intervals is set up at, say, ten yards 
distance; the observer then places his eye quite close to the prism 
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Fro. 185. 
Naked Eye Test lor Flatness of a Surface. 



edge and obtains a reflection obliquely from the hypotenuse face. By 
moving the eye slowly below this edge the internally reflected image 
will be seen, and by suitable adjustment both images can be seen simul- 
taneously. Unless the base angles are exactly equal ( w r hich is rather 
rare) their difference may be read off the angular scale by noting the 
vertical displacement of the horizontal line. Assuming the refractive 
index of the glass is 15 and if nearly grazing of the light is used, 
it can be shown that the observed angular separation between the two 
reflected images is equal to the difference betwen the two base angles. 
An accuracy of about 2 to 3 minutes of arc is obtainable by this 
method. If a lateral displacement of the vertical line is observed 
pyramidal error in the prism will be indicated. 

Naked Eye Test for Flatness of a Surface. 

The test of a flat surface by oblique reflection is so sensitive that 
even the naked eye will detect quite a low degree of sphericity if 
nearly grazing incidence is employed. If a dotted cross. Fig. 185, 
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is set up at a distance and an image of this is viewed in the surface 
so as to send light from the full length of the plate through the pupil 
of the eye, then any astigmatism resulting from the spherical form 
of the surface will cause the dots of either the vertical or horizontal 
line to merge together into a grey line. It may be estimated that the 
naked eye will thus detect a radius of curvature up to about ten 
thousand limes the length of the surface being tested, provided that 
the surface measures at least several times the diameter of the pupil. 

Pyramidal Error. 

In Fig. 186, let the plane ABC be perpendicular to OA, and let 
AP be drawn perpendicular to BC, meeting it in P. If we join OP, 
then the angle AOP is a measure of the pyramidal error. 
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Fto. 18«. 
Pyramidal Krror <>f Prisms. 

In order to measure this possible error, it is desirable to use a 
goniometer, such as that shown in Fig. 173, but with a graticule in 
the eyepiece of the form given in Fig. 186b. The telescope is directed 
inwards faces AB and AC in turn, and the levelling screws of the 
prism table, together with the tilt of the telescope in a vertical plane, 
are adjusted so that the back reflected image of the horizontal graticule 
line falls on the real horizontal line in each case. When this 
adjustment has been effected, the edge AO of the prism must be 
perpendicular to the optical axis of the telescope. 

If, now, the telescope is directed towards the face BC the displace- 
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ment of the back-reflected horizontal line image can be measured on 
the vertical angular scale; this displacement will be equal to twice the 
angle AOP. 

Non-reflecting Films on Glass. 

When light passes through any optical system a small fraction of 
the incident light is reflected at each aifegbtSS surface, and if the 
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number of surfaces is large (for example, with a terrestrial telescope 
having ten air-glass surfaces), the loss of light by reflection may 
amount to onc^hird of the total incident light; this is irrespective of 
light lost by absorption in the glass. The amount of light lost by 
reflection at normal incidence on a well-polished glass surface is given 
by Frcsnel as 



Vn. + nJ 






where N„ is the refractive index of the first medium and N, the second 
medium (Fig. 187a), so that from 4 to 7 per cent, is likely to occur 
at any one air-glass surface depending on 
whether the glass is a crown or a dense flint. 
This relation is very closely correct also for 
angles of incidence up to twenty degrees. 

If now a ihin layer or film of material of ///// ¥/// 
correct refractive index is placed on the glass 
surface, tin reflected light can be considerably 
reduced. Ii can be shown that the correct 
refractive index to employ for such a film is given by the square root 
of the product of N„ and N,, that is N unK e v/N„xN,. 

So that if we were dealing with a glass of N, = l-65, for example, 
the required refractive index of the layer or film would be 128. 
Applying the Fresncl relation to surfaces 1 and 2 (Fig. 187b) in turn 
we have: — 
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At first surface 
/N,.-N„\» /l-28-I\* „„,_ 
\N~^N/ ~ I 2-28 / =001 ° or lo P er cent - lost b y reflection. 

At second surface 
/N.-N, \ 2 /l-65-128\' „ „ 
\n~T"N/ = 1 " " 2-93 / =0 ' 6 or I6 P er ccllt - losl D .V reflection. 

Therefore total loss by reflection = 3 1 per cent. 

Whereas, if no film was present, the loss=| . ' 1 = 0060 or 6 per 
cent. 

It is clear, therefore, that by interposing a layer of material of suit- 
able refractive index, the loss by reflection may be reduced by half. 

The second and more important part of such a procedure is to 
arrange that the non-reflecting film is of a suitable thinness, for by 
so doing the reflected light can be eliminated by interference and 
the transmitted light increased. 





(a) li'.. 189. (fc) 

Illustrating the advantage to be gained by Coaling the L<-iis Surfaces of a 

Photographic Lens with a Nou-Rellecting Film. 

Referring to Fig. 188, a portion of the incident light will be reflected 
at A and after entering the film-layer a further portion will be reflected 
at B. The path difference in these two beams travelling in the direc- 
tion AO will be 2AB x N, and for interference to occur this quantity 
should be equal to A/2. 

[N.B.— There is a phase-change of a/2 at both A and B, for in 
each case the reflection is at a rarcr-to-denser medium.] 

Thus, in order that no light should be lost in the direction AO, 
the thickness of the layer AB should be A/(2x2x N,)=A/5 for 
N,.= l 28. 
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For light which is proceeding on in the direction BP the retardation 
of the portion of the beam which is reflected at B and again at A 
and then sent on in the direction BP, will be 2ABx N, =2N,..A/5, 
and as there is a phase change of A/2 at the point B only (not at A 
in this case), the light will be re-inforced. 

Consequently, no light will be lost by reflection and the transmitted 
light will be increased. 

In practice there is no material with N L — 128 which can be put on 
a glass surface, so that the nearest approach to this has to be em- 
ployed. At the present time Cryolite (Aluminium fluoride) N D « 136 
and Magnesium flouride are used. The films are deposited by the high 
vacuum volatilization process*; the powdered fluoride is evaporated 
by heating it electrically in a vacuum (10-* mm. Hg.) and it then 
condenses in a vitreous film on any relatively cool surface directly 
exposed to the source. Estimation of the thickness of a non-reflecting 
film is carried out (whilst the glass surface being coated is still in 
the vacuum) by reflecting white light from it and by observation of 
the interference colours so produced. As the wavelength of zero re- 
flection moves through the visible spectrum, the reflected light becomes 
orange, purple, blue and green, or in successive orders of interference 
colours. For optical instruments intended for visual work, the colour 
of the film should be purple, denoting maximum transmission in the 
yellow-green, whilst for optical components intended for photographic 
work an orange colour is generally desired. 

Non-reflecting films can also be produced by chemical means and 
by artificial weathering processes, particulars of which may be found 
in the references ', \ • below. 

Fig. 189 a and b are photographs taken with a lens-system before 
and after being treated with a non-reflecting film. It will be noticed 
how the stray and scattered light has been reduced by utilizing this 
process. 



Interferometer Tests. 

A method of testing optical parts (such as prisms, lenses, parallel 
plates, and even complete optical instruments) by interference was 
developed by Twyman some years ago. The interferometer itself 

• British Patent No. 538,272. 

I K. B. Blodgelt— Phys. liev.. Vol. 55. p. 391 (1939). 

- 11. D. Taylor — The Adjustment and Testing of Telescope Objectives. 

a P. H. Nicoll— R.C.A. Review, Vol. 6, p. 287 (1942). 
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is a modification of the Michelson form (described in most of the 
text-books), but the interpretation of the interference patterns seen 
when testing any particular optical unit requires a certain amount of 
experience and study. Nevertheless, as an aid to the production and 
testing of really high precision optical work the instrument is invalu- 
able. A full description of its use in practice is given in Twyman 's 
original papers', -, 3 , and in the Diet, of Applied Physics, Vol. 4, 
p. 147. 



1 F. Twyman— Phil. Mag., Jan., 1918. p. 49 

2 F. Twyman — Photographic Journal. .Nov.. 1918. p 239 

3 F. Twyman — Astrophys. fount., 1918, Vol. 48. p 256 
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The Cleaning of Optical Surfaces. 

A high slate of surface cleanliness is of considerable importance in 
optical work. When lenses and prisms are to be mounted in their 
instruments (especially when the latter are sealed and made airtight) 
it is of primary importance that the glass surfaces should be perfectly 
clean. Not only does this reduce loss of light, but a surface free from 
contamination remains clean for a longer period. 

It has already been shown that some 4 to 7 per cent, of the incident 
light is lost by reflection at an air-glass surface, and the following table 
may be of interest : — 



Type of Telescope . 


Number of Reflecting 
Surfaces, 


Loss by Reflection. 


Galilean. 
Astronomical. 
Terrestrial (with lens 

erector). 
Prismatic (two prism). 


4 

6 

10 

10 


15 percent. 
22 

33 
33 



If therefore, the glass surfaces were not thoroughly clean, an 
additional 5 per cent, or more might be lost at each surface, with the 
result that double the amount given in the above table would be lost, 
representing a transmission of only about one-third of the incident 
light in the case of a prismatic binocular, for example. This 
emphasi7.es the importance of having really clean surfaces in optical 
instruments. 

The first steps in cleaning optical work is to free the surfaces from 
any trace of grease. This is best done by immersing the glass in a 
caustic potash solution or by well swabbing the surface with benzene. 
It should then be washed thoroughly with soap and water (the natural 
oil from the fingers must not come near the surface and it is advisable, 
therefore, to wear rubber gloves). Rinsing in distilled water should 
then be carried out and the surface wiped with a clean (well-washed) 
linen cloth. A light swabbing with a 50 per cent, nitric acid solution 
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should now be given and the surface again rinsed. Finally wipe the 
surface with alcohol and dry it off with another piece of well-laundered 
linen. 

It has been suggested that the last operation in the cleaning process 
should be to rub the surface firmly with a piece of freshly cut elder 
pith. 

Test for a Clean Surface — Breath Figure. 

If there is any contamination of a glass surface left by the cleaning 
process it may be tested by breathing gently on the surface, for in 
this case the breath will condense in tiny droplets of water which will 
be seen as a film on the surface. But should the surface be really 
clean, the water vapour will condense in such minute and uniform 
drops that the film will be quite invisible, and gives the impression 
that the breath will not "take" to the surface. 

Rayleigh* and Baker* have stated that if the tip of a blowpipe 
flame is passed quickly over a so-called clean surface, the latter will 
then be so clean that it will not "take" a breath figure. 

When optical parts are mounted in instruments which axe sealed 
up in order to ward off the effects of weather, etc., the surfaces some- 
times become "cloudy" or "filmed" even though they may have 
been thoroughly cleaned previously. (This is best delected by looking 
at a source of light through the instrument in the reverse direction to 
which it is used.) 

Some of the causes of this "filming" of surfaces are as follows: — 

(1) Condensation caused by change of temperature and humidity. 

(2) Lubricant in the instrument giving off volatile constituents 
which condense on the surfaces. 

(3) Instruments with aluminium bodies giving off water vapour h-.'ld 
in the pores of the metal. 

(4) Imperfect cleaning of the glass surfaces (i.e. some contamination 
which causes nuclei for the condensation of moisture). 

(5) Instability of the glass itself. 

Whilst some of these troubles may be cured by paying attention to 
the acid content of the lubricants employed, and also to complete 
drying-out of the body-tubes of the instruments, it has been shown 

* Rayleigh — Scientific Paprn — Vol. 6 — p. 26 and p. 27 (Cambridge University 

Press— 1920). 
*T. J. Baker— Phil. Mag.—U—IGZ (1922). 
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that most of the difficulties connected with the deposition of minute 
globular particles on the glass surfaces can be overcome or greatly 
lessened by exercising great care in the thorough cleaning of the 
optical surfaces before they are mounted in the instruments. 

In certain cases, the "filming" has been prevented by immersing 
the glass in a solution containing 50 per cent, alcohol, 45 per cent, 
distilled water, and 5 per cent, nitric acid for about half an hour prior 
to cleaning. 



Balsaming. 

Many optical components (such as achromatic lenses, compound 
prisms, etc.) are cemented together with Canada balsam. This is a 
resinous material containing turpentine; the latter can be evaporated 
off by heating so as to obtain balsam of varying degrees of hardness, 
sometimes distinguished as hard, medium and soft. 



3 odjustoble 

orma 




Damping 
screws 

Pig. 190. 
Balsaming Jig. 

The relative hardness may be tested by means of the viscometer 
(described on page 172). In practice, soft and medium are more 
generally used, and can be obtained already filtered and clear in 
quality. 

The process of balsaming consists in having a thick iron plate on 
three legs heated from below by a ring burner; the plate is covered 
with a piece of white paper and the lens components (already cleaned) 
are laid on it and covered with a suitable lid to prevent draughts 
coming near the glass work whilst heating up. The pot of balsam 
should also be on the hot plate. When the optical parts are well 
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wanned, a small quantity of the liquid balsam is taken from the pot 
with a metal rod and placed in the centre of the concave lens com- 
ponent; the other lens is then put down on top of the balsam and the 




PW. 191. 

Viscometer for Pitch and Balsam. 
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latter is spread out into a thin layer by exerting pressure on the top 
lens with a cork, giving it a slight rotary movement at the same time. 
Any air bubbles which have become trapped in the balsam film can 
thus be removed. The lenses are pressed central and allowed to cool 
down, when the surplus balsam at the edges may be wiped off with a 
cloth dipped in xylol. 

The baking process must llien be carried out in order to harden the 
balsam and thus prevent the components from moving about when 
subjected to a rise in temperature under natural conditions (e.g. in 
hot climates). The cemented work is, therefore, placed in a suitable 
oven (electrically or gas heated) fitted with a thermometer, and baked 
continuously for a certain period of time. For the soft balsam this 
time should be about fifty hours at 70°C, whilst for the medium 
hardness balsam a period of three hours at 40°C. will suffice. On no 
account should the glass work be taken out of the oven until the latter 
has cooled down slowly (about 20" per hour), otherwise insufficient 
annealing will result. 

During the baking process it may be necessary to mount the optical 
work in a suitable jig or clamp to prevent the parts sliding over one 
another. For instance, a three-jaw chuck of the type shown in 
Fig. 190 can prove useful for lens work. 

Viscometer for Pitch and Balsam. 

The hardness of pitch laps employed in polishing processes is of 
importance; for if the pitch is too soft the lap will soon go out of shape 
owing to the flow of the pitch, whilst if too hard the glass surface 
being polished will become scratched, due to the fact that any small 
particles falling on the pitch will not sink in before the damage has 
been done. 

In earlier days the hardness was frequently judged by the glass- 
worker pressing his thumb-nail into the pitch. If an indentation could 
just be made, this was considered as the correct hardness; obviously 
such a method was only a rough guide and it is now considered desir- 
able to have a better control on the judgment of the hardness. To this 
end a, piece of apparatus shown in Fig. 191 may be used; it consists 
of a piece of quarter-inch steel rod, conical at the end (about 14° 
angle) terminating in a small flat half a millimetre in diameter. 
Attached to this is a cylinder of lead, the whole weighing 1,000 
grammes. The point of the rod is allowed to bear on the surface of 
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the pitch (or other substance whose viscosity it is desired to measure) 
contained in a small vessel which is immersed in water and kept at 
any desired temperature. The length of time taken for the rod to 
fall a given distance is determined. The temperature may be 
standardised at 70°F., in which case the rod and weight should sink 
2 mm. in four minutes for a correct average hardness of pitch for 
general purposes. 

The apparatus can also be used for controlling the viscosity of 
balsam, and in this case (for medium hardness) the rod and weight 
should sink 25 mm. in three and a half minutes at 70°F. 

Silvering. 

The two chemical silvering processes most generally used in optical 
work are Brashears method and the Hochelle salt method. The 
former is used to obtain thick coatings on surface-silvered mirrors 
which may have to be burnished at intervals; whilst the second 
method, owing to its slower action, is suitable for making partially 
silvered mirrors such as interferometer plates. 

Success is rarely obtained unless scrupulous care is taken in cleaning 
the surfaces to be silvered and also the vessels in which the process is 
to be carried out. 

Brashear* Method. 
Four solutions are made up to the following formula;: — 
Reducing Solution I. A OR Reducing Solution \.B 

(must be aged for two or four (can be used without ageing) 

weeks) 120 cc. distilled water 

500 cc. distilled water 8 gm. dextrose sugar 

45 gm. sugar 

2 cc. nitric acid (concentrated) 
88 cc. alcohol 

Solution 2. Solution 3. Solution 4. 

300 cc. distilled water 100 cc. distilled water 30 cc. distilled water 
20 gm. silver nitrate 14 gm. potassium 2 gm. silver nitrate 

hydroxide 
Procedure:— Add) ammonia (concentrated) to solution 2 until a 
dark brown precipitate of silver oxide forms and begins to clear. 
Then put in solution 4 drop by drop until a distinct straw colour is 
seen (this is to avoid excess ammonia). Now add slowly all of 
solution 3 and stir the whole well. 

* J. A. Brashear — Bttgttsh Mnluinic — Vol. 31— p. 237 (1880). 
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Again add ammonia until the solution just clears, and again drop 
by drop of solution 4 until a straw colour is seen. 

The foregoing solution may now be filtered. The last operation is 
to mix in 120 cc. of the reducing solution l.A or B, and then to pour 
the whole over the mirror to be silvered. 

The silver will come down fairly rapidly (about ten minutes) and 
deposit a tenacious and hard layer. The mirror can then be taken 
out of the solution and rubbed dry with a cotton-wool pad. It may 
then be polished with a chamois leather charged with rouge. 



Rochelle Salt Method. 

Two solutions are required for this method. Solution 1 is made as 
follows: — 5 gm. of silver nitrate are dissolved in 300 cc. of distilled 
water and ammoniated (as already described in the Brashear method) 
so that the silver oxide precipitate formed is almost but not com- 
pletely clear, and presents the straw colour appearance. This is 
filtered and diluted with water to 500 cc. 

In solution 2, 1 gm. of silver nitrate is dissolved in 500 cc. of water; 
it is then brought to a boil, and 0.83 gm. of Rochelle salt (dissolved 
in a little water) is added. 

To silver a mirror, equal volumes of the two solutions are mixed 
together and poured at once into the silvering dish. 

As the silver is deposited much more slowly by this process, an 
hour may be required for a thick deposit to form; so that partial 
reflecting films are obtained' by withdrawing the mirror from the 
solution at the appropriate time. In order not to disturb the mirror, 
however, auxiliary small glass plates may be inserted in the dish 
and removed periodically so that the progress of the deposition may 
be judged. 

On removal from the dish, the mirror is rinsed in distilled water and 
allowed to dry, after which it can be polished with a light eiderdown 
powder puff and optical rouge. 

Photographic Items. 

One of the most useful applications of photographic processes in 
optics or in physics generally is the copying of diagrams, illustrations, 
pages of print, etc., for the purpose of making lantern slides; but the 
method is so well known that no mention need be made of it here. 
What is of greater interest, however, is the fact that modern photo- 
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vniphic emulsions have a, much smaller average grain size than they 
did (only) a few years ago, and this means that much greater reduc- 
tions ot the object (to be copied) can be made without the image 
suffering from "graininess." In other words, as the resolving power 
of the plate has been increased, we can produce much smaller image 
intervals photographically than has hitherto been the case. A few 
examples are: the advent of microfilm methods* for copying docu- 
ments on to standard 35 mm. film; the increase in the use of micro- 
photographs as distinct from photomicrographs; and the making of 
diffraction gratings and graticules. 

The average grain size of fine-grained process plates has for some 
years now been about 0.005 mm., but the modern " high resolution " 
plates or films are between ten to fifty limes smaller in average grain 
size, i.e. approximately 0.0002 mm. This means that (allowing for 
the usual safety factor multiple of ten on the grain size) something of 
the order of 500 lines per mm. or 13,000 lines per inch can now be 
photographed provided always that the lens used for copving gives 
good definition and that it is working at sufficient aperture to give an 
equal resolving power. 

Graticules. 

The making of small eyepiece scales for optical instruments 
frequently requires to be done; for although there is a fair variety of 
graticule types which can be purchased, there never seems to be just 
the one which is desired for a particular purpose in the laboratory. 
The design for the graticule is first drawn out in Indian ink on white 
card; it is then set up on the usual copying bench and the camera 
arranged at a suitable distance to give the desired reduction (a very 
usual diameter of the finished graticule is about three quarters of an 
inch). The image is focused carefully — it may be necessary to employ 
a low-power microscope for doing this — and the photograph taken, 
using one of the so-called " high resolution " plates now available. 
A special developer is given for use with these plates or films, and it 
is essential to use this to obtain the best results. The negative thus 
obtained should preferably be put in an intensifier solution, and when 
dry, contact positives arc made using the same type of " high 
resolution " plate. 

* B. K. Johnson — l'ruc. Brit, Sot. International Bibliography— 1942— Weft, 4. 

p. 25. 
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Excellent results arc obtainable by this method, the edges of the 
lines showing no trace whatever of "graininess" when viewed under 
the highest power eyepieces used in optical instruments. 



Developers. 

Hydroquinone (for plates) when contrast is required. 

Solution A. 

Hydroquinone 25 gm. 

Potassium Metabisulphite . . . . 25 gm. 

Potassium Bromide 12 gm. 

Water (to make) 1 ,000 cc. 

Solution B. . 
Potassium Hydrate . . . . . . 50 gm. 

Water 1,000 cc. 



Solutions A and B should be kept in separate 


bottles, and mixed in 


equal quantities when required for use. 




M.Q. (for plates and gaslight papers) general 


use. 


Mctol 


4 gm. 


Hydroquinone 


15 gm. 


Sodium Sulphite (cryst.) 


105 gm. 


Sodium Carbonate (anhydrous) . . 


100 gm. 


Potassium Bromide 


1 gm. 


Water (to make) 


. 1,000 cc. 


Fine-grain developer (high resolution plates). 




Elon 


1.25 gm. 


Sodium Sulphite (cryst.) 


45 gm. 


Hydroquinone 


6gm. 


Sodium Carbonate (cryst.) 


80 gm. 


Potassium Bromide 


0.5 gm. 


Water (to make) 


. 1,000 cc. 


Fixing Bath. 




Hyposulphite 


150 gm. 


Potassium Metabisulphite 


25 gm. 


Water (to make) 


. 1,000 cc. 



The time of development may be controlled by noting the time 
taken for the image first to appear and multiplying this by a time- 
factor of six, the latter figure giving the total time for complete 
development. Alternatively, one may standardize the development 
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by keeping the developer at 65° F. (measured by thermometer) and 
always giving four minutes. 

Processing Dufay Colour Film. 

There are certain cases in scientific work where colour photographs 
are an advantage over the monochrome; for example, when illustrating 
polarization effects, fluorescent effects, etc., and the method for 
development of the coloured transparency by one of these processes, 
namely the Dufay Chromex system, is given below. 

As the process has to be carried out in total darkness for part of 
the time, it is advisable to use a dark-room clock with a piece of self- 
luminous radium compound attached to the second and minute hands; 
this has proved less nerve-racking than using an alarm. This remark 
applies also when developing panchromatic plates. 

Procedure : — 

Immerse film or plate in the developer (solution 1) for five and a 
half minutes — rock dish violently. 

After development, rinse and place negative in the stop-bath for 
two minutes. 

Transfer to bleaching solution for five minutes. 

Light may be turned on after one minute in bleaching bath and all 
subsequent operations carried out in white light. 

After rinsing, place negative in clearing-bath until the brown stain 
has disappeared (usually a few seconds). 

Now expose the film or plate for four minutes held at three feet 
from a 100-watt lamp. 

Then give a second development in solution I for four to five 
minutes. 

Developer [solution 1). 

Metol 

Sodium Sulphite (cryst.) 

Hydroquinone 

Sodium Carbonate (cryst.) 

Potassium Thiocyanate 

Potassium Bromide 

Water (to make) 
Slop bath. 

Solution of Acetic Acid 1 per cent. 



1 gm. 


100 gm. 


8gm. 


100 gm. 


9gm. 


.igm. 


1 ,000 cc. 
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Bleaching bath. 




Potassium Permanganate 


2gm 


Sulphuric Acid (cone.) 


10 cc. 


Water (to make) 


. . 1 .000 cc. 


Clearing bath. 




Potassium Metabisulphite 


25 gm 


Water (to make) 


.. 1,000 cc. 
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Reflex Printing. 

Frequently a copy on paper of a certain page or diagram in a book 
is required for one's notes. Instead of taking a photograph on a plate 
and then making an enlargement from this, satisfactory prints may 
be taken by resting a piece of gaslight printing paper on the upper 
glass surface of the ordinary printing frame illuminated by lamps 
from below, and then placing the copy in contact with the emulsion 
side of the printing paper. On exposure the light travels through the 
printing paper and is back-reflected to the emulsion by the white 
portions of the copy, no light being received from the black parts. 

On development in the usual way, the print will consist of a negative 
with white letters on a black background, and with the reading matter 
from right to left. This paper negative must now be laid down on 
the printing frame and a further piece of paper placed in contact and 
a positive print taken in the ordinary way. 

The foregoing method is necessary if the page to be copied is printed 
on both sides. If, however, the copy is clear at the back, it is only 
necessary to place the copy face downwards on the printing frame, 
put the emulsion side of the gaslight paper in contact with the clear 
side of the copy and take a print. In this case the letters will also 
come out white against a black background (this does not matter 
greatly) but the reading matter will read the correct way round. 

Cross-lines. 

Many instruments require cross-lines in the focal plane of their 
eyepieces, and whilst in the past spider-web was generally employed 
for this purpose, nowadays something more robust is called for so that 
repair is not required so frequently. Cross-lines on glass are, there- 
fore, much used now and may be produced by diamond ruling, 
etching, or by photographic methods as already described. One 
method, however, which does not appear so widely known is to rule 
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/-Wire 

frame 



two lines at right angle on an unexposed fine-grained photographic 
plate (e.g. a process plate) in the dark-room in red light, using a razor 
blade or specially prepared ruling tool. The plate is then developed 
in the usual way, when it will be found that the ruled lines come up 
black and very fine against a clear background. They will stand an 
eyepiece magnification up to twenty times without any appearance 
of raggedness of the line edge; the crossing-point of the lines is also 
quite sharply defined, and not rounded as sometimes occurs with 
photographic reduction by a lens. 

Should it be desirable to utilize webs for the cross-line, it is necessary 
first to get the web from a spider (preferably the large brown garden 
spider found in the autumn) on to a wire 
frame (3"x2"). By allowing the spider to 
spin his web downwards from the frame, the 
latter can be rotated so that the web is 
stretched diagonally across the long edges of 
the frame (see Fig. 192) and the web held 
by a drop of quick-drying cement. The 
metal diaphragm is removed from the eye- 
piece and the frame laid carefully on to it so 
that one of the webs rests in a marked 
position on the diaphragm; two drops of cement (e.g., shellac) are 
placed at the two ends of the web and allowed to dry; they are then 
cut off and the process repeated for a position at right angles to the 
first web. Both spun gold and quartz fibres also make fine threads 
for cross-lines. 

Collodion Films. 

Very thin (a few wavelengths of light or less) films of materials 
are useful on many occasions in optical work; for example, they may 
be used as reflecting plates as in a vertical illuminator or as a protective 
layer for water soluble crystals such as rocksalt, etc. One of the. 
advantages of these films is that they may be made so thin that no 
double reflection is noticeable from the two surfaces, and moreover 
they can be made so uniform both in thickness and planeness that 
interferometer tests show that they are almost perfect from a path- 
difference point of view. 

One method of making them is to mix by volume one part of 
collodion (methylated) with two parts of arther; then to pour this 




Fig. 192. 
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solution rapidly over a flat glass plate held in an inclined position 
and allow it to dry. The film can then be floated off on to water 
by holding one end of the glass plate slightly below tin- water level, 
when the film will gradually begin to lift and come away from the 
glass. When this has been carried out satisfactorily a metal frame- 
work (on which the film is to be mounted) is coated with shellac and 
gently placed down on to the film; the latter will adhere to the 
shellaced surface and after mopping up the edges of any superfluous 
film with a small camel hair brush, the whole may then be carefuilv 
lifted off the water. When dry, the collodion film will tighten op and 
should show a uniform interference colour by reflection if the operation 
has been well carried out. By varying the ratio of the volumes of 
the two liquids the thickness of the film can be adjusted. 

Waxes and Cements. 

Red wax. — The optical-physicist uses waxes and cements for 
various purposes, such as holding lenses, prisms, mirrors, etc., in their 
mounts, securing windows into instruments and so forth. The most 
generally used soft wax is made from beeswax and turpentine mixed 
in the ratio of about 5 to 1; this is sometimes coloured red. from 
which this wax often takes its name. The usefulness of this wax lies 
in its adhesive and plastic properties, for whilst it can be manipulated 
in the fingers quite readily, it will set fairly rigidly when the warmth 
from the hand is removed. 

Other suitable soft adhesive materials are plasticine and Apirzon 
compound, although the latter is more suitable for vacuum work. 

Beeswax and Resin. 

This cement is made by melting together equal parts of beeswax 
and resin, and forming it into thin sticks when cold. It is particularly 
suitable for cementing glass to metal (such as for holding glass plates 
down on to a metal grinding tool or for securing a prism on its table 
for example). Preferably the parts should be gently warmed and the 
cement applied hot. It is not particularly hard when set, and on this 
account it may not be suitable for certain requirements; but its 
"elasticity" prevents strain occurring if a glass window is cemented 
on to a metal plate. Its melting point is about 50°C. and a suitable 
solvent is benzene. 
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Shellac. 

Shellac is the main ingredient of sealing wax, which is of course 
much used for cementing end-plates to vacuum tubes, but for optical 
purposes generally the natural orange shellac is preferable on account 
of its high strength. It can be used in stick form win n it is applied 
with a heated rod, or in thick paste form when it is dissolved in 
alcohol; both forms have their applications. 

Litharge Cement. 

A cement which will hold against water, acids and alkalies, suitable 
for holding glass windows in metal troughs or tanks, can be made 
by mixing litharge with pure glycerin to the consistency of a paste. 

Waterglass Cements. 

By mixing waterglass with the carbonates of calcium, zinc or lead, 
a most tenacious and hard cement may be formed. In a few hours 
ihese mixtures set rock hard. 

Zinc Oxychloride. 

This cement is frequently used in dental work and again is hard- 
setting and has considerable adhesive powers. It is particularly good 
for holding glass-work to metal. It is made from a 60 per cent, zinc 
chloride solution and zinc oxide powder mixed to the consistency of a 
thick paste. 
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Fig. 193. 
A|>piiratus for giving grc.-tter intensity of tin- Lines in the Hydrogen Spectrum 



Sources of Light. 

The two most generally employed sources of monochromatic light 
in the optical laboratory or workshop are the sodium lamp and the 
mercury lamp. Whilst a Bunsen burner playing on a sodium chloride 
"brick" is simple and useful for many purposes, much greater intensity 
is obtained from the sodium electric discharge tube running off the 
main and is therefore more suitable for i nte r fe r e nce ■ xperiments and 
tests. For a similar reason, regarding the intensity of the light, the 

mercury vapour lamp is a distinctly 
valuable source; moreover, the 
green, yellow and violet lines can 
each be used individually as a 
monochromatic source by utilising 
suitable niters. Various forms of 
high- and low-pressure I It: lamps are 
now made running off the mains in 
conjunction with a choke, but one 
of the most compact and hard- 
working lamps of this series is the 
Osira (manufactured by the General 
F.lectric Company, Wembley). 
Originally intended as an ultra-violet 
lamp, the outer dark bulb can be 
removed, leaving a small silica tube 
in which the arc occurs. When 
suitably housed in a small container 
this makes a very convenient unit; 
moreover, it can be used as an ultra- 
violet source of light giving a highly 
intense line spectrum in this region. 

The hydrogen vacuum tube used as a source for standard measure- 
ments on refractive indices of optical glass is not particularly intense; 
and whilst the C (red) and F (blue-green) lines are fairly easily seen, 
the G' (violet) line is rather difficult to bring out. The general inten- 
sity "f this source may be improved by the arrangement shown in 
Fig. 193, where Breah hydrogen is periodically drawn into the vacuum 
tube and a six-inch induction coil used for producing the electrical 
discharge. 
Other simple forms of light source which may be run directly off 
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Fto. 194. 

Siniplr Poem of Discharge Tuba 
Running Directly ofl the Mains, 
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i.i. electrical mains are the small discbarge tabes (see Eg. 194) giving 
emission spectra of various gases, such as oxygen, nitrogen, aigon, 
neon, helium, etc. Whilst they are not useful as high intensity sources 
they are convenient for giving line spectra when calibrating a spec- 
trometer lor example. Neon is particularly useful at the red end of 
the spectrum. 

For producing a continuous spectrum or for optical projection 
purposes, the 500 C.P. Pointolite lamp (i.e. tungsten arc) is probably 
the most convenient source, for although it has not the intrinsic 
brightness of the carbon arc, it is a great deal steadier. Various light 
filters which cover the whole spectral range in bands of about 400 A.l 
can now be obtained and can be used successfully with the above 
lamp. 

Table of Useful Wavf.lengths (Visible Spectrum). 



Wavelength 
A.U. 


Colour. 


Substance. 


How emitted. 


5890 


Orange. 


Sodium. 


Hansen flame or 


5896 


» i 


, 


discharge tube. 


6563 


Red. 


Hydrogen. 


Vacuum tube. 


4861 


Blue-green. 


f i 




4341 


Violet. 






5791 
5770 


Yellow. 


Mercury. 


Mercury lamp. 


5461 


Green. 




i» «» 


4078 


Violet. 




» • i< 


7947 


Far red. 


Rubidium. 


On positive pole 


/Slid 


,, 
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of carbon arc. 


6708 


Red. 


Lithium. 




3969 


Violet. 


Calcium. 




3934 


" 


'. 


*• . • 



Sign Convention. 

Owing to the fact that there are still a gTeat variety of sign con- 
ventions (for use with lens and mirror problems) taught in the 
schools, it is often found difficult to avoid confusion in the student's 
mind when a new sign convention (such as that recommended by 
the Physical Society) is introduced either at the university or in 
commerce. 
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The author has tound from his experience in teaching large numbers 
of students that if such confusion does arise, this can be overcome 
quite readily by getting students to think of a sign convention based 
solely on the use of the ordinary Cartesian co-ordinates, without the 
proviso of stipulating that the initial direction of progress of the 
light is the positive direction (see page 25). 

If the lens or mirror is then considered as being situated at the 
origin (see Fig. 31) then distances measured along the axis to the 
left will hi- negative and distances to the right positive, in accordance 
with the true Cartesian principle. Although such a system gives a 
positive focal length to a lens on one side and a negative focal length 
on the other, it has the advantage that the object may be placed 
on the right or the left of the lens or mirror as desired, and all the 
student has to do is to recall the signs of the Cartesian co-ordinates 
(which are in-ground even in the most elementary mind) and to 
apply them without having to ask himself (for example) whether a 
direction is measured against or with the direction of the incident 
light or whether such distances are to be reckoned as positive or 
negative; the Cartesian co-ordinates automatically tell him this. 

With such a sign convention it is not necessary to think of a lens 
or mirror as being called a positive one or a negative one, but rather 
to think of them in the more natural terms of a convergent or divergent 
lens or mirror; and when working out examples, simply to give tin 
value / an appropriate sign in the required formula. 

The sign of / is also obtained in a perfectly natural manner, for 
when once the position of the object has been decided on (whether 
to the left or the right of the lens or mirror) the Cartesian co-ordinates 
will again tell us the correct sign to allot to the value /. 

For exampli . it the object is on tin- left, a lens which produces convergence 

of the light will have a positive sign lor the value of /, Whereas if the Object 
is situated on the right the rame lens will have a negative sign ./ for use in 
the formula. On the other hand, if a diverging lens is used, it will have a 
negative sign for / when the object is OH tin- left and a positive sign it the 
object is on the right. 

Further this system also has the advantage that it is consistent 
throughout whether applied to lenses or mirrors, whereas some sign 
conventions provide a negative sign to a mirror which produces con- 
vergence of the light; this is directly opposite in sign to a lens which 
produces convergence. 
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This idea, which closely resembles that set out by the late Professor 
A. E. Conrady, is put forward merely as a suggestion for considered 
opinion by those who find difficulty in dealing with a subject in which 
students have been previously trained in various forms of sign con- 
vention. 

lie author has found that the above stated system is readily 
.absorbed, and that it has met with success in dispelling confusion 
when it has arisen. 
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Apertometer 80. 81 
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Cleaning optical surfaces 169 
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Electron microscope 66 
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Elector 43. 68 

Eye-pupil 48 
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terrestrial 43 

Exit pupil 40. 41. 48 

F 
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Convex lens 25, 26 

convex mirror 9 
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in contact 28 
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magnification 

method 31 

microscope 
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Newton's method 30 

G 

Galilean telescope 41 

Glass, optical 126, 133 

cleaning of 169 

grinding of 139 

polishing of 139 

test for homogeneity 131 

lest for strain" 55. ISO 

Graphical ray-tracing is. 16. 17. is 

Graticules 17B 

(•rain of photographic plates 

S7. 121. 176 

H 

llartinann formula "' 

diaphragm "" 

187 



188 



Index 



PACK 

Homogeneity of glass 131 
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Interference of light 161 

Interferometer 126, 127 
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Laws of reflection 2 

refraction 10 
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reflecting 95 

resolving power 82. 83 
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vertical illuminators 90 
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tests 126 
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